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I. The Complete Photo-electric Emission from Potassium, 
By Miss Jessie Butterwokth, B.Sc.* 

T his paper is concerned mainly with the negative 
emitHsion from potassium, hot some acconnt o£ experi¬ 
ments designed to investigate the possibilitj’- of a positive 
photo-electric emission from the metal will be given at the 
outset. Since Dember {Ann. d. Phys. xxx. p. 142, 1910)^ 
found that a cylinder surrounding a metal plate acquired 
a positive charge, when the plate was illuminated with 
ultra-violet light, a suitable field being applied, many 
experimenters have endeavoured to justify Dembei^s as¬ 
sumption that the phenomenon is due to the emission of 
positive photo-electric particles. Most of the llater work 
seems to show that the effect is the result of the emission of 
electrons by metal parts of the apparatus which are not 
adequately screened from stray ultra-violet light. Du Bridge 
(Phys. Rev. p. 201, Feb. 1925) and E. J. Lorentz (Phil. 
Mag. vol. i. p. 499, 1926) in particular were unable to 
obtain a p<»itive charging up when precautions against 
defective screening were taken. No observer, however, 
appears to have worked with the alkali metals, though, if the 
positive photo-elect^c effect does exist, it seems, a priori, 
probable that these metals would exhibit the effect to a 
greater degree than other metals known to be much lose 
active as regards the normal effect. 

• CkMmmunieated by Prof. William Wilson, E.R.S. 

Phil, Mag. 8 . 7. Vol. 6. No. 34. July 1928. B 



2 Mias 3. Butterworth on th Complete 

Experiments on the Positive Photo-eUetrie 

A glass balb (fig. 1) 10 cm. in diameter. wiA 
tabes which terminated in a bottle-neck, was used. Seried 
through the inverted end of the neck, as sl*®^ », 
filament of platinum wire, so that the loop of the wire was 

at the centre of the spherical bulb. ^ the 

not touching it, was a spiral of platinum wire. 
filament was surrounded at the sides and Iwttom y * 

md both grid and filament could be electrically hwted. A fine 


Fig. 1. 



platinum wire was sealed through 

Slake contact with the potassium, which was^ to act as 

ibirf el^t ^ containing cl«»n pota^ium allowed to 

slide down one of the sidttubes unti stopped by a con¬ 
striction. By means of the other side-tube Ae bulb was 
connected to liquid-air traps and a mereu^-difl5i8ion pn^, 
hacked by a “Hyvao” pump. After baking and pumping 
^rwitKe ^id and IlaJent plowing and the char^l 
Wted tae potassium was run over the constriction, 
Th«™ion.wlul.th.p.mp,».r. 



Photo-electric Emission from Potassium^ 3 

working and the liquid«4iir traps were being cooled. After 
fartber pumping^ the tube was sealed off and left overnight. 
Then the potassium was heated slightly once more, and run 
down to the bottom of the bulb to make contact with the 
platinum wire. 

The glowing filament acted as a source of light, and in so 
doing gave off thermions, both negative and positive. The 
latter emission would, of course, almost disappear with 
constant glowing and a field helping the emission. If a 
positive photo-electric effect did exist, there would be positive 
and negative photo-electric currents from both the platinum 
grid and the potassium. When the connexions are made, 
as shown in fig. 2, the negative current from the grid and 
the positive one from the potassium alone can affect the 
quadrant electrometer. 


rig. 2. 



The grid is ne|»ative w’ith respect to the potassium, so that 
any electrons from the potassium are turned back, while 
any positive particles are attracted across to the griii, leaving 
a negative charge on the potassium, which, when the key 
is open, causes a deflexion of the needle of the electrometer. 
The field between the filament and grid will turn back any 
electrons emitted by the filament, while any positive particles 
from the same source will be turned back once they have 
passed through the grid. Hence the emission from the 
filament cannot affect the electrometer. There may be a 
negative photo-electric current from ihe grid, however, 
which will rmch the potassium and charge it in the same 
manner as the positive current leaving it would do. Any 
positive photo-electric current from the grid will be turned 
back. The highest threshold frequency of potassium is 
known to be well in the infra-red portion of tta spec^um, 
while that of platinum is in the ultra-violet. Consequently, 

B2 
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Miss J. Butterworth on tite Complete 

If no effect is produced npoa the electrometer, using light" 
whose wave-length is between the two threshold frequencies,, 
it will mean that no positive photo-electric current is emitted 
from the potassium—^at any rate, when those particular 
wave-lengths are employed. 

The sensitivity of the electrometer was such that with 
120 volts on the needle and a potential difference of one 
volt between the quadrants the defiexion produced would be 
140 cm. on the lamp scale. The capacity of the system, the 
electrometer, and the bulb in series was very nearly 100 cm. 

Owing to a slight charging up of the sealing-wax key and 
also to a small leak across the inside of the glass bulb, even 
when the filament was unheated, the image moved in the 
direction indicating a positive charging up of the potassium. 
Fortunately it was not too fast to be timed, and was constant 
over a short range of time—long enongh for measurements 
to be taken. The effect looked for would mean a still 
slower rate of charging. 

No change in the rate was notice*! until the filament 
current rose to a value of 1*8 amps., corresponding to a 
temperature of over 800° 0., and it seemed reasonable to 
suppose that the negative platinum current was causing the 
change at this temperature. However, at this temperature 
the negative current was quite large (nearly 10~* amp.). 
A stop-clock reading to ’2 sec. was used, and it would have 
been easy to detect a change in the rate of 1 cm. in 10 .secs. 
The difference of potential between the potassium and the 
grid was 96 volts: sufBcient to saturate the negative currents 
at the temperatures employed. 


Table I. 


Filament currents 

Tim© for image to 
travel *22 era. 

0 

10*2 eeca. 

1*5 amps. 

10-2 „ 

0 

10-4 

1*6 „ 

10"2 .. 

0 

10-3 

V7 s, 

10-4 .. 

0 

10-2 

1*8 

11*2 „ 


A change in the rate of charging up of 1 cm. in 10 secs, 
wnnld mean a photo-electric current of lO”** amp. For 
the potential difference 



I Photo-electric Emiteionfrom Potatsium, 


current x time 

SSt -----v-- 

capacity 

currents j— X 10"^® amp. 


5 


Hence a current of little over 1 x 10~^* amp. could have 
been detected. 

Dember found the ratio of his negative to positive photo- 
10 ~* 

electric currents to be -.w , *• e. 10^, whereas tiiese experi- 

10~‘* JQ-6 

ments give the ratio as more than »*’• 10^. Hence, if 

the positive photo-electric effect does occur, it is at least 
a thousand times smaller than the current which Dember 
attributed to the emission of positive ions by photo-electric 
action. 


The Threshold Frequences of Potassium, 

Richardson and Young (Proc. Roy. Soc. ser. A, vol. cvii. 
p. 377,1925) found for a normal potassium surface a threshold 
frequency corresponding to a wave-length of 7000 A.U. After 
sensitizing the potassium surface by passing a glow-discharge 
through an atmosphere of hydrogen, the critical wave-length 
appeared to be somewhere between 9000 A.U. and 10,000 
A.U. A usual thermionic threshold at a temperature of 
20(P C. is 10,000 A.U., and another occurs at about 30,000 
A.U. No trace of a photo-electric threshold of this magni¬ 
tude, however, was to be found, even for the sensitized 
surface. The following account gives details of the pro¬ 
duction, by vaporizing the metal, of a sensitized surface, for 
which two threshold frequencies were found. 

Experiments on the Threshold Frequences of Polasdvm. 

The apparatus used to investigate the existence of the 
positive photo-electric effect was also used to measure the 
threshold frequency or frequencies of potassium, by measuring 
the complete photo-electric effect when in equilibrium with 
black-body radiation of known temperature- By heating 
the pott^ium at the bottom of the bulb with a small electric 
heater, it was vaporized and deposited in a thin film over 
the cool part of the spherical surface. To prevent the 
vapour condensing on or near the filament and grid, both 
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were heated throaghoat the operation, and also another 
electric heater was wound round the outside ot the hottl^ 
neck. By repeated heating and cooling of tiie potassium it 
was possible to obtain a comparatively thick and quite 
opaque mirror over the whole spherical surface. The gap 
on the glass in contact with the heater was covered by 
tipping ue tube while the metal was still in the liquid state. 
At the first attempt the mirror of potassium evidently was 
not «f sufficient thickness to make good electrical contact 
over the whole surface, for inconsistent readings of the 
photo-electric currents were obtained, doubtless due to 
certain portions of the surface becoming charged up after 
subjection to radiation for a few minutes. At the second 
attempt the film of potessiom was made thicker, and this 
difficulty disappeared. Owing to repeated reflexions of the 
light emitted by the filament at the bright potassium surface, 
the system should give approximately black-body radiation, 
and at the same time a fresh metal surface could easily be 
obtained by heating and vaporizing the potassium. Also 
each heating would improve the conditions until all the 
Substances, which had been left in the bulb and were capable 
of reacting with potassium, had been used op. 

The law governing the relation between the saturated 
current and the temperature in the case of the complete 

h 

mm ^ 

photo-electric effect is expressed by C=AT*e (see 
Biefaardson, Phil. Mag. vol.i. 1912), where C is the saturated 
photo-electric current, T is the temperature of the radiator, 
X a constant which can take the valnes 2 or and b is tbe 
work fnnetion (^) divided by the gas constant for one 
molecnle (it). A is a constant depending on the area of the 

C . 1 

surface. Therefore plotting values of logioi^p against 

should give a straight line, the slope giving the value of h. 

The saturated currents C were comparatively large, and 
a sensitive galvanometer G, was used to measure them. The 
connexions were as shown in fig. 3. The two grid con¬ 
nexions and one side of the filament were connected to the 
positive side of a lamp-board in which the ten lamps were 
arranged in series and connected to tbe 240 volt-mains. The 
galvanometer G] was connected between two of the lamps, 
the other galvanometer terminal l)eing connected straight to 
ihe potassinm mirror. The resistance of the filament was 
measured at the various temperatures by means of a 
Wheatstone bridge arrangement. Bi and By were two 
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arms of a Post Office box, and Y was a coil of eureka wire 
2 metres long, immersed in a flask filled with paraffin-oil, 
which in turn was surrounded by a water-bath. The 
resistance of the coil was 2*056 ohms. Its resistance was 
previously measured at 20® 0. and at 100® C., no difference 
being detectable, and when surrounded by a water-bath the 

Fig . 3 . 


Y 





Fig. 4. 



Tdit«. 

12 

2# 

as 

48 


CSXI« 

m 

8-0 

9*1 


Fotantia! 

Bifferetice. 

Toitn. 

m 

72 

84 

9S 


DeSexion. 

9*8 

9*9 

10*2 

10*2 


temperature varied over a range of less than 10^ 0., when 
the largest filament currents were used* Consequently 
under the conditions of experiment it was an invariahle 
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redstanoe. The filament was heated by a battery of accu¬ 
mulators and the steady balance in the bridge found, using 
« dead-beat On wood galvanometer G, which gave a deflexion 
of about 10 cm. on the scale for a change of resistance ot 
1 ohm in the variable arm of the box. 

The photo-electric currents were well saturated, as is 
shown by fig. 4, the current-potential 
<}orresponding to a filament cnnrent of 2‘5 amps. With the 


Fig. 6. 



B obms. 

8 ohms. 

Currant xlO’ 

Bedexlon 


cm. 

10* 

10 

1-3 

10« 


•57 

2*7 


20 
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5-6 

W 

50 

1-30 

6*0 

4X W 

20 

1-45 

7-3 

9X1(^ 

50 

1*54 

79 

3X10^ 

W 

1*93 

10^6 

7X10» 

50 

1-^ 

10*9 

I0« 

100 

2*59 

16-5 

5x10* 

50 

2‘78 

19*0 

3X10* 

50 

2-78 

19*4 

10* 

10 

2-93 

20*0 
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largest filamettt current (3'5 sin{KS.}, satnraiaon was 
secured by having 108 voits potential difference between 
the |M>tassiiim and the filament, so this value was used 
throughout. 

The graph plotted between current and resistance in the 
variable arm of the box, t. e. between current and filament 
temperature in arbitrary units, was of the form shown in 
figs. 6 a and 6 b. The initial rise and following flat portion 
was assumed to be due to a second and lower threshold 
frequency, for at this stage the filament was not glowing. 

In order to ensure the best possible conditions, the 
potassium was then melted off the walls of the bulb and a 
completely fresh film deposited. As soon as this film was 



sufficiently thick the charcoal tube was immersed in liquid 
air. A set of deflexion and resistance readings was taken 
about half an hour after the mirror had been deposited, and 
another set taken after the lapse of two and a half hours. 
Neither at this time nor next morning was any fatigue 
noticed ; in fact, as will be mentioned later, the current over 
a certain range increased with time. The curves obtained 
with this fresh film agreed with those previously obtained. 

Hysteresis effects were considerable. Headings were 
taken when the filament current was gradually increased, 
but if taken in the reverse order the difference between 
corresponding current readings was so great that for the 
lowest temperatures used the descending reading would be 
as much as twice the ascending reading. The effect dis¬ 
appeared quite rapidly with time ; in the case of the high 
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tempBTatnros so rapi^y that the efEeot was not noticeable. 
Thonffh the decay at lower tenoperatures was slower^ 
original ascending reading would be reached by Iwving^ the 
apparatus for 10 to 15 minutes. The descending readings 
are inconsistent, for they depend on tlie rime imat iiuraes 
between altering the Blament current and taking the leading 
of the deflexion and the corresponding filament resistance. 



Beiiftanee. ;I>«ftexion. 


obms. 

440 

472 

51B 

5S4 

m 


em. 

*45 

1*45 

4$ 

7'2 

8*0 

8-5 


Current X 10^.1 

Eesmtance. 

D^exion. 

amps. 

ohms« 

cm. 

'10 

584 

8*8 

*32 

607 

91 

•89 

632 

9*9 

1*^ 

659 

11*0 

1*56 

688 

1*8* 

1*63 

717 

2*0 * 


Current x i0\ 

1*68 

1*73 

1*84 

1*97 

*>12 

2*33 


^ Sbimt 150 ohtii»* 


The effect appeared to be in no way altered in the second 
case, when a presumably higher vacuum was contained m 
the bulb. 
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Table II. 


11 


Shunt 

ohms* 

Resistance 
in variable 
arm of box. 
ohms. 

Deflexion. 

em. 

Temper¬ 

ature. 

«>a 

^xio*. 

Current; . C 

Xio? 

amps. + 13 . 

1 0 
logio^ 

+10. 

00 

400 

•50 

340 

29-4 

•12 i 

*016 

■813 


4^ 

105 

380 

26*3 

•23 , 

•202 

1-072 


4517 

1*60 

405 

^•7 

•36 i 


1-240 


450 

2S5 

425 

23*5 

•49 

•433 

1-376 


462 

3-86 

445 

22*5 

•70 ’ 

•547 

i*507 


475 

4-40 

470 

21*3 

•90 

*610 

1*618 


487 

5'^ 

485 

20*5 

1*08 

•662 

1691 


500 

6*75 

605 

19-8 

1*35 

*724 

1*779 


^5 

7-60 

653 

18*1 

1-60 

•691 

1-805 


550 

8*25 

605 

16*5 

1*60 

•641 

1613 


675 

8*60 

657 

15-3 

1*65 

•582 

1-809 


WO 

9*25 

712 

14-0 

1*76 

•538 

1617 


625 

9*65 

777 

12*9 

1*80 

*475 

1610 


650 

10-40 j 

830 

12*1 

1*90 

*441 

1-819 

150 

076 

1-75 

m> 

11-2 

2*05 

*413 

1-837 


700 

195 

920 

10-9 

2-25 

•470 1 

1-916 


717 

2-00 

945 

10-6 

233 

•417 

1-877 


753 

36 

1005 

9-95 

4*16 

•615 

2*118 


782 

46 

1070 

9*35 

5*21 

*658 

2-202 


815 

6*6 

1135 

8*80 

7*32 

*7^ 

2-337 


839 

9*4 

1180 

8*48 

9*82 

•848 

2-466 

50 

850 

5*2 

1200 

8*33 

12-00 

•921 

2-640 


867 

5*8 

12 ^ 

8*13 

17*13 

1-054 

2-689 


876 

8*2 

1248 

8"00 

28-28 

1176 

2-819 


882 

10*4 

1260 

794 

25*72 

1*209 

2-860 


890 

10*8 

1275 

7*85 

28*65 

1*245 ] 

2-904 


905 

16*6 

: 1302 

7*69 

i 35 33 

1*319 

2-991 

20 

911 

5*8 

1338 

im 

41*10 

1*381 

3-056 


9S5 

8*85 

t 1360 

7*35 

59*^ 1 

l*50ti 

i 

3-206 



After lapse o 

/ three days. 



00 

542 

93 

1 

600 

16*7 

1*75 

*687 

1-854 

150 

579 

1*9 

i 675 

14*8 

222 

•688 

1-982 


mi 

21 

725 

138 

2*44 

•^7 

1-957 


649 

0*4 

SIO 

12*4 

2*79 

*639 

1-991 


♦»54 

2%5 

820 

122 

2*88 

*632 

2-003 


706 

2*8 

915 

10-9 

3*33 

*540 

2-042 

1 

715 

31 

935 

10*7 

360 

*615 

2671 

1 

751 

3*9 

lOOO 

10*0 

; 4*44 

•647 

2-147 


The relation between filament temperature and resistance 
was found by opening the bulb and withdrawing the filament 
and grid, ai]S then finding the resistances of the filament at 
the melting-points of certain crystals. The bridge arran^- 
ment was exacUy the same as when taking readings of the 
photo-electric current, and minute crystals of substances 






X2 M»8 J, Battorwotth on the Compile 

Ss c.gh 

S* g«d.4 A. Whejuto- W.n«^ 

l„i„g ,o»ii».ted .Sun.d 

viewed through a Xrf against the 

r r^r. s.W‘ on. 

(fifi- n. 



Crystal. 

Naphthalene..,.... 

Silver niti^te . 

Voi&mum bichromate 
Barium nitrate..... *«• 
Botasaium bromide... 

Sodium chloride. 

Sodium sulphate. 

Potassium sulphate... 
Stmmic oxide .. 


Melting- 
point C. 
79 
218 
400 
57o 
750 
801 
884 
1070 
I ISO 


Betistanoe. 

ohms. 

256 

325 

435 

525 

625 

635 

6S3 

780 

815 


Having determined the temperatnresand the corresponding 

currents, graphs were plotted between logw^ an<J f. 











nearly all the points lie on three straight lin^, and the 
slopes of the portions AB and CD are nearly the same in 
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both graphs. The iotermediaie portion BO, however, is 

0 

^aite different. When taking logio^l ^ sloping 

in the positive direction, apparently indicating a valae for b 
-that is negative. In the other case the central line BjCj is 
very nearly horizontal, bnt has a slight slope in the negative 
direction. This central portion corresponds to the almost 
horiaontel part of the carrent-temperatnre carve in fig. 5, 
and this part does not appear to be very stable. The 
currents in this region gradually increased with time, not 
becoming absolutely constant until about throe days after 
the potassium mirror had been deposited. Using readings 
obtained after this lapse of time, the general characteristics 
of this part of the two curves are unaltered, but the slope is 
different. The slope in the negative direction when plotting 
G 

doguj,^ is increased and equal to "026. This is smaller than 

t|ie others, namely *64 and *11. Apparently this would 
mean that for pota^inin there are three threshold frequencies 
for the sensitized surface. On the other hand, the inter¬ 
mediate portion may be represented by the sum of terms 
such as 

C=AiT*e~T+AjT^e'^, 

where both terms are of about the same magnitude. The 
instability would then be due to some small portions, taking 
some time to decide which work-function to assume. 

The results obtained show ..cat potassium has at least two 
work-functions, corresponding to two critical wave-lengtba, 
one at 9700 A.U. and the other at .57,000 A.U. 


Since 

C=A,r«'^, mofbr 

leg. 

C , k hi 

so 

slope X 10^0,., 

and since 

jfc=l-37xl0*“erg8/‘>C., 


slope X10* ^ , 

^nd since 

A=6*547 Xergs/sec., 
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it follows that 

, 3 X 10’® X 6*547 X 10“” x logio« 

slope X 10* X 1*37x10-^* ' 

Also logioAi=logio^ + ^logio<f. 

. To determine the multiplying constants Ai and Aj, pointe 
are selected on the portions AB and CD res^ctirely, where 
only nne term is of importance in determining the value of 
the photo>e!ectric current. 

To determine Ai: 

T=1248®C. 

C=23'28x 10-7 amp. 

To determine Aj: 

T=405°C- 
C=‘35 X 10“7 amp. 


Table III. 


1 

A,B,. 

CD. 

C.D.. 

1 Slope.. 

•At 

64 

086 

*11 

;6°0.. 

1-46x10* 

1-46x10* 

1-98X10* 

2-63X10* 

! f epge ...... 

2mx 

2O2xl0-« 

2-71x10-“ 

3-47x10-“ 

j Xc A.U. 

9700 

9700 j 

70,000 

67.000 

I Constant ... 

1 


•<X»9 

2-3x10-7 

5-11x10-7 


Thus the relation governing the photo-electric current can 
be represented by 

i'4axJo‘ S-S3X30* 

0=**0089Tie + 5*11 x lO-^Tie' "®~“. 

The constant At multiplying the larger work-function is 
1*8 X 10* times as great as the second. This supports the 
theory of “ patches ” put forward by Bichardson and Young 
(Proo. Boy. Soc. Ser. A, 1925), indicating, as it does, that 
only a small portion of the surface responds to the lower 
freqaenc^, while a mu<di burger part, if not the whole 
surface, is excited by the higher frequency. If the whole of 
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the surface could respond to any of tvro or more threshold 
frequencies depending on the condition of the surface and 
illumination, the hysteresis effects could be explained. 
After being subjected for a few minutes to the illumination 
from the filament when at a high temperature, the “ patch ” 
of lower value ^ might gradually acquire the larger value 
of the work-function, and so the current would increase, 
since at high temperatures, at any rate, the term containing 
the greater h predominates. When the filament temper¬ 
ature is reduced, this part of the surface does not revert to 
its former state directly, and while so reverting the current 
is larger than the corresponding one when ascending the 
scale of temperature. If this change does occur, it would 
also account for a creeping up of current noticed at high 
temperatures, the galvanometer mirror taking some time to 
come to a steady position. Consequently it seems probable 
that the whole of a sensitized potassium surface has one 
characteristic work-function, while certain small portions, 
distributed over the whole surface or collected together in 
patches, can possess one or more lower work-functions. 
When illuminated with light of long wavs-length, only the 
smaller portion will contribute to the photo-electric current, 
and at shorter wave-lengths the rest of the surface plaj's its 
part, the smaller portion gradually changing until all the 
surface has acquired the greater work-function. This 
implies that the second constant Aj is itself a function of the 
tempemture. However, if the function is a low power of 
the temperature, it will have a negligible effect on the 
(1 

logio^ against ^ graph and on the value of <f> determined. 


Summary* 

Ho evidence has been fonnd for the existence of a positive 
photo-electric emission, and it has been shown that, if snch 
an effect does exist, it is less than times the ne^^tiv© 
emission, from the same surface, measured in these experi¬ 
ments. 

It is shown that potassium has at least two work-functions 
corresponding to the wave-length 9700 A.U. and 60,000A.H. 
The results indicate that the “ patches of lower work- 
function form a very small part of the whole surface, and 
can acquire the greater work-function under the influence 
of prolonged illnmination. 
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IL A Mew Method of Determination of the Volume of 1 Curie 
Radon. By L. Wi5BTEM5TEIN, Professor of the Free 
Unimrsity, Warsaw 

!• Principle of the Method. 

T he first determinations of the volume of 1 curie of radon 
were made by Rutherford f, Debierne and Bamsay§. 
Their results were concordant; the volume of 1 curie of 
radon at 0® and normal pressure (called in this paper Vo) 
was found equal to *6 c.c* This value was in an excellent 
agreement with expectations from the theory of radioactive 
transformations based on the values of the fundamental 
radioactive and atomic constants as known at that period. 
The agreement is, however, not so good if one uses for 
calculations the values of those constants which are generally 
accepted at the present time* Adopting for Z the number 
of 4 t-particles emitted in 1 sec. by 1 gm. Ra, 3*72,10^^ for 
the number of molecules of a perfect gas in 1 c.c. at 
N.T.P. 2*705.10^®, and for the radioactive constant 
of radon, 2*1.10"^, we get for Vo *652 c.c. a value about 
10 per cent, higher than the values obtained by Rutherford,^ 
Debierne, and Ramsay. 

The methods used by those physicists were similar in 
principle; they consisted essentially in compressing carefully 
purified radon into a calibrated fine capillary. 

The disadvantage of this method is that it is very difficult 
to prove that the final product is pure. Moreover, concen-- 
trated i*adon undergoes considerable changes of volume 
during the first hours after its preparation, and it is generally 
assumed that it is the final volume which is the right one. 

It seemed to me interesting to attack this problem by a 
method which would permit the analysis of the purified 
radon. Owing to the extremely small quantities of gas 
involved, the only methods suitable for a quantitative 
analysis seemed to be methods based on the properties of 
highly rarefied gases. If we consiiler that the pressure of 
•1 curie of radon in a volume of 100 c.c. is equal to about 
*65 bar, we arrive at the conclusion that we are dealing in 
this problem with the range of pressure to which the laws 
of highly mrefied gases are fully applicable. 

• Oommunicated hr Sir E. Butherford, F.B,S. 
t K Eutherfbrd, Phil. Mag. p, SOO (im). 
t A. Debieme, C. M. p. 1264 (1909). 

§ Oray and W. Bamsay, Ti^s. Cham. Soc. vol. iv. pp. 96, 107S 
(1900). 

Phil. Mag^ 7. Vol. 6. No. 34. Jtdy 1928. C 
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pentane bath heated electrically, and contained in a 
moderately exhausted non-silvered Dewar tube, surronnded 
by liquid air. 

If conditions (2) and (3) are satisfied, which we shall see 
to be the case in the present work, we determine (a) the 
total pressure, pj, and damping, dj, of the mixture, (6) the 
pressure, pa, and damping, da, found when a small part of 
the apparatus is cooled to the temperature of liquid air. 
The differences pj—and dj—^ssAdare the pressure 
and damping due to radon and carbon dioxide. In order to 
calculate the partial pressure /v of the radon and the degree 


Kg. 1. 





P 


-of its parity we have only to substitute in equations (1) Ap 
and Ad for p and d. 

Knowing Pr we deduce Vo, the volume of 1 curie of radon 
at N.T.P., from the equation 

"■"(273 + 071013 . 10 *’ 

where V is the volume of the apparatus, t the temperature, 
and 7 the quantity of radon expressed in curies. 

II. Gaupes and tlmr Calibration, 

The Knudsen^gauge used in this work is shown ia fig. 1. 
An aluminium leaf, about ’6/a thick, cut off in tiie form 

02 
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V • AUficr 1^ ha0C8 between flat and i^arallel facos^e 

shown m Al (hg. l)» *“ 8 /.haneed hr circnlating water 
t,Bp»r.ture .£ »h.oh ^ >>1 i.'tl,, .y.tem of mlot 

in vessels Vi and V ?! **’• * i 'fhe difference of 

and ontlet tnb^ ^ m^utd by mins of thermo- 

temperature of fl’® of the feaf by means of a 

couples K ?„ iepiecr scale. We shall call 


Fig. 2. 



3'=^u‘SS^s^ssK^KS=; 

thiok, ».led .t to lower ""ij* , *a>i„ fto top 

K s§. 
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A microscope with an eyepiece scale is used Cor ineasnring 
the amplitude; if the illumination (shown on the left side of 
fig. 2) is convenient, the vibrating systems appear as a 
bright band with sharp ends. The band is seen to diminish 
slowly in widtL The damping d is inversely proportional 
to the time during which the amplitude decreases in a given 
ratio. 

For calculation purposes it was found convenient in this 
paper to use for this ratio the value 1*2 and to express the 
time in 10* sec. 

For calibration, the gauges were joined to a McLeod gauge 
through a trap cooled to —120° in order to freeze out 
vapours. By means of a mercury fork the apparatus could 
be put into communication with a diffusion pump or with 
auxiliary arrangements for preparing and transferring small 
quantities of chemically pure gases. Hydrogen, oxygen, 
carbon dioxide, and xenon were used for calibration. 

The whole apparatus must be thoroughly evacuated, after 
which we read the pressure at the McLeod gauge and the 
indications Wo and do of the Knudsen and damping gauges. 
po is generally negligildy small, ttq and do correspond, 
under good experimental conditions, to a residual pressure 
of the order of *01 bar. This pressure is due to traces of 
water and mercury vapours, to which the McLeod gauge is 
insensitive. 

We introduce into the apparatus one of the above-men¬ 
tioned gases under a pressure of 2—3 bars, and we read the 
indications py tti, d,, of all instruments. We pump some 
gas off and obtain a new set of values pj, wj, d*. 

These operations are repeated until the pressure drops to 
about "5 bar. 

For each of the gases (k) used in this calibration we draw 
cui'ves TTk—fip) and dt=^{p). 

The functions are linear, and we have ■Jrt=f>4p4-’7ro, and 
dk^aup + do. 

It is generally assumed that the Knudsen gauge is an 
absolute manometer, Le., that its indications are independent 
of the nature of the gas. If this were true 6* ought to have 
for all gases the same value. 

If, however, we examine this question more closely, we 
find that the force exerted on the leaf must depend on the 
kinetic energies of the molecules falling on it and reflected 
from it. If the temperatures of the faces between which the 
leaf hangs are given, these energies are functions of the 
accommodation coefficient ©f the gas filling the gauge. 
The accommodation coefficient increases in general with the 
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molecular weight; it baa for hydrogen .‘Jf’.S* 

oxTsen '8, for carbon dioxide *87. Ihe highest ^Ine, 9 » 
iSlieen found for mercury vapour. Its upper theoretical 

'^'^ueiT^wnsidetations show that the indications ^ a 
Knudsen gaup. *. the constant inc^^^^ 

the ao<»mmodation coefficient. In accordance with toese 
coasidemtions I have found for the four mentioned ga 

hm • ^ot • *“ 

For onr problem it is necessary to kn^ the radon 

hr. We caLot determine it directly. We sw, however, tlmt 

the values of b for the last three gases 

variaiions. Assuming for b a value 1 per ^nt. higher th 

that of Xe, we are probably very close to the 

it mast be expected that radon and xenon will behave m a 

'"^Surin^ircOTirse of the experiments the leaf had once 
to be c^need and recalibrated. Before the change the 
sensitivity t of the gauge for radon t®' 

microscope per 1 bar and 1 division of toe 
scale. AfteV the change b. was *096 division of microscope 
per 1 bar and 1 division of the galvanometer ®c«J«* 
deflexion of the galvanometer in actual expenmento corr^ 
sponded generally to 50 to 100 divisions and the deflexion ^ 
Te leaf iuld hi determined within 1/10 of a division ^ 
toat for pressures of the order of 1 bar toe accuracy of 

measurement was about 1 per cent. 

In toe case of the damping gauge toe problem of fi“mng 
toe constant o. for radon is much easier as we have only to 
apply toe formula 


a,/a*! 




M, 

Mi 


being the expression of Knudsen’s law. 

We can get a check of this formula by comparing the 
values a, calculated from experimental values a» for each or 
toe gases used in toe calibration. The comparison is repre- 

sented on Table I. , c i t <.* 

The agreement is very good. I have used for calculations 
toe value a,=:1164, being the arithmetic average of values 
extrapolated from the oxygcm and xenon data, which were 
obtained under the best conditions. 111.4 

For CO, I have assumed the value Oe^Sl? caleula^ 
from the same data. It seemed to me more reUable t^n 
toe measured value 506, because toe adsorption properties 
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o£ this gas described in a previons paper * obvioosly introduce 
some uncertainty in determinations 

In equation (1) it was assumed impheitiy that the mdica- 
fions of a Knudsen gauge do not depend on the nature of 


Tabls 1. 



MoL we^bfc. 


^r* 

Hydrogen. 

2-015 

111'5 

im 

Oxygan .. 

i 

\ 

442 

lies 

Carbon dioxide 

44 

aos 

1137 

Xeeton .. 

130 

S90 

11^ 1 

1 


the gas. In reality, however, the experiment does not 
give VLB Ap, but 

=» bcPi! + hrPt* 

Patting fe,*»*98fer w® • 

. . . (1.) 

Ai = 1164pr+517p«3 

An' is an apparent change of pressure, i.e., a change of 
pressure to which a change Aw of indications of the gauge 
would correspond if the gas was pure radon. 

From equations (^lo) we get, writing for simplicity Ap 
instead of Ap', 

■98Ad-5l7Ap ll64A p—Ad 

P-'- -”623 


III. Experimental arrangement. 

The apparatus has been constructed in such a way that 
purified radon could be introduced without having to open 
the apiHiratas to the atmosphere, _ 

This precautiou is essential, £or since the pr^ure oi toe 
admitted gases is of the onler of 1 bar, the apparatus ®“tis 
be exhausted beforehand to a “ high vacuum, 
known, such a state is destroyed if atmospheric air isaamitte 
even for a short time* 

♦ L. Wertenstein, c. 
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The general arrangement can be seen from fig. 3. It 
comprises three parts: (1) the manometrio jwrt -with the 
Knadsen gauge K and damping gauge D and the trap T; 
(2) the purification apparatus A containing £OH and PgOt 
in glass boats, OuO and Cu in a pyrex tube, and the tube I 
used for condensing radon in liquid air; and (3) the volu¬ 
metric part, the use of urhich will be explained later. All 
parts can be evacuated by way of the mercury fork /. 
Part A can be put into communication with remaining parts 
by means of the mercury “tap” M operated electro- 
magnetically. 

Fig. 8. 



Before the experiment the whole apparatus has to be very 
carefully exhausted. The first operation consists in intro¬ 
ducing partially purified radon into Part A by means of the 
transfer pump P, which has the advantage of avoiding 
the use of greased taps. The left branch of the capillary 
U-shaped tube has more than the barometric length, and, 
owing to this fact, it is possible to introduce air into the bulb 
B, while vacuum remains in A and other parts. 

While the transfer pump is open to air we place in the 
horizontal tube p a thin-walled tube r containing partly 
purified radon (about *2 c.c. of gas), after which the tube p 
is sealed. 
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The bulb B is evacuated by means of a sepamte pump 
through the tap which is afterwards closed and covered 
with a column of mercury* The tube r is then broken by 
means of a simple magnetic device m and the radon is trans¬ 
ferred to the purification part by operating the transfer 
pump, in which the movements of mercury are controlled by 
varying the pressure over the reservoir R. The radon is 
then left for 15-18 hours in contact with the KOH and 

At the beginning and at the end of that period the pyrex 
tube containing CuO is heated for 30 minutes to about 600®. 

After that time the radon contains only a small quantity of 
COj, but an appreciable amount of gases which do not 
condense at the temperature of the liquid air. In order to 
pump out these gases, we surround the tube I with liquid air 
and open sevemi times for 10 seconds the tap M, the 
mercury fork establishing the communication with the 
diffusion pump. When the evacuation is finished, the com¬ 
munication wnth the diffusion pump is cut off, the tube I 
allowed to warm up, and radon is distilled into the inanometric 
apparatus by introducing a few drops of liquid air in the 
small Dewar tube cL After that we raise the mercury in 
the tube V, enclosing radon in the inanometric part. 

We can now proceed to determinations of pressure and 
damping. While the radon and 00s ^till condensed in 
the small Dewar tube d we measure tlie residual pressure pa 
and damping da of uncondensable gases. The liquid air is 
then evaporated quickly by introducing a copper wire into 
the small Dewar tube, and when this tube is at room 
temperature we determine the total pressure pi and 
damping di. 

We get in this way the values A;> and Ad defined on 
page 23, Liquid air can be used again in the same way as 
described above in order to obtain another set of values of 
Ap and Ad. 

IV. Results* 

I have executed in all four series of experiment. The first 
two series vrere of a preliminary character ; they enabled 
me to work out the technique of the measurements, and also 
revealed some unforeseen experimental diflSculties. 

It was found that after introduction of radon the pressure 
and damping increased steadily, so that after some 30 minutes 
the pressure was twice as great as in the beginning. This 
increase is due to the evolution of gases from glass bombarded 
by a-rays. The increase of damping was, however, very small, 
and by measuring simultaneously the rate of increase of 
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pressare and damping, I found that tbe evoWng g^ 
nearly pure hydrogen, so that the relative amount of OO, 
remateJ^unchangeS. This observation enabled me to calcu¬ 
late A» and Ad in the following way 

Curves pr -/(/), d, * p(C were drawn f» 

and similar curves for unoondensable garos. ®y 
difference of ordinates of curves 3 

time t,we get tiie values of Ap and Ad. Owing to the 
number of experimental points [each ^®^**‘“*“* ^ 
long time] the interpolations were a little uncertain. Abe 
resdts were, however, better than could be expected. 

In the first experiments -0718 cane 
duced into the applaratus. Its^ volume V was 157 c.c., tbe 

temperatnre of the room was 19 . „ 

Three sets of measurements were taken. After the first 
set the radon was distilled back into the 
the evolved gases were pumped ont and 
manometricpart. Daring these operations -0018 curie radon 

’^*Thrr^nlts are represented in Table II. The first 
of this table contains the value of Ap ; the Jj 

give the partial pressures p, and pc of radon and CO*, 
fourth we find the relative amount (or degree of 
the radon, in the fifth the quantity of radon m curies, in the 
sixth the value Vo of the volume of 1 curie of radon 
deduce.! from the experimental data. 


Table II. 


f 1 

: bar. 

t 

pr t»r. i 

1 


; ^ . 

AP I 

y ouri«- 

! 

10 -‘c.c. 1 

1 

•55 

*28^ ; 

•261 

^ -528 

•0718 

5BS 1 


•323 

•114 

*749 

^070 

’i”fr68 1 

•465 

”^^285 : 


•63 

•070 

5-fl ! 

i 


The average value of Vo is 6*14.10“* c.c., showing that 
the method gives results very near to the truth even under 
Titi£avoiirn.ble conditions. 

In order to improve these conditions it wm nei^ssary to 
eliminate the effect of the gases evolved from the glass walls 
by the bombardment of the ae-particl^. 

^The measurements of f 

gases consisted chiefly of hydrogen, I added to the apparatus 
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a device for oxidizing the hydrogen. The water-vaponr 
formed on oxidation ought to be condensed in the trap cooled 
to -120®. 

For this purpose I used a small tube, Pt (fig. 3), containing 
a thin platinum wire through which a current could be sent. 
The platiniun wire was covered by electrolysis with copper 
oxidized afterwards by glowing the wire. 

It was found that this simple device enabled me to realise 
the steady conditions necessary for taking reliable measure* 
ments. The next experiment performed with this arrange¬ 
ment was, however, not quite satisfactory owing to some 
imperfections of the technique. The temperature of the 
glowing wire was not adjusted to the right value ; during 
the experiment the temperature of the trap went up to 
—105®. The result was that the evolution of gas was still 
half as much as in the first experiment, and the water- 
vapour formed was not completely removed by the trap, 
as was shown by the fact that the pressure of condensable 
gases increased steadily, while in the previous experiment it 
remained constant. 

It was, however, found possible to deduce from the measure¬ 
ment the partial pressure of radon. Ap and Ad being in 
this ease due to three gases, radon, CO*, and HjO, it was 
necessary to calculate the amount of water-vapour. This 
was done in the following way. By measuring simul¬ 
taneously the increase of totol pressure and damping, we can 
analyse the evolving gas consisting of hydrogen and water- 
vapour and determine the partial pressure of water-vapour. 
The additional damping due to that vapour can be calcnlated 
from its molecular weight. Subtracting from Ap and Ad 
the partial pressure and damping due to water-vaponr, we 
have again the case of two constituents only, to which 
equations (la) are applicable. 

In this experiment ‘1386 curie radon was used. 

The volume of the apparatus was 180 c.c. The results 
of two sets of measurements are shown on Table III. 

Table III. 

I i 

y,b«r. I g-. I ! 

I-I-U Trr- . T—T-nnoTlu 

•2^8 i *636 ‘1S86 


6*2 



*261 -527 


•434 


55 


•1386 


6*29 









28 


Prof. Xi. Wratenstdn on a iV«w Method of 

The larger amoant of CO* in the second set is probably 
to be explained by the fact that in the interval between the 
two sets radon was kept condensed daring about 15 minutes 
in order to pamp off evolved gases. As was shown in my 
previous paper, glass contains always traces of absorbed 00* 
which distil on to the radon during its condensation in 
liquid air. 

The agreement of values of Vg obtained in the two sets is 
satisfactory. The method of calculating the results is, how¬ 
ever, complicated, so that these experiments cannot be 
considered as conclusive. 


Fig. 4. 
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In the third and (oiirtli experiments, which will be 
described now, I succeeded in surmounting the experimental 
difficulties of the problem. In these experiments (1) the 
whole apparatus was baked out to 350° before the introduction 
of radon, (2) a tube containing a few pieces of KOH was 
added in order to reduce the amount of COg, (3) the tempera¬ 
tures of the glowing wire and of the trap were carefully 
adjusted. The Tolume of the apparatus was 160 c.c., *104 
curie radon was used in the third, and *176 curie in the 
fourth experiment. 

The results am represented graphically in figs. 4 and 5. 
In these figures the values of pressures are represented by 
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2^ 


after the ®""®“ hT^Sogen is still evolved hot disapp^rs 


Fig. 5. 
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gas during the first period of the experunent. The oscilla¬ 
tion of individual values of total pressure and damping ar 
relatively small, those corresponding to uiiTOndensed £se. 
are more important, which is probably due to the sina - 
of effects observed. There was still a slow general increase 
of pressure, about 8 per cent, during a whole experiment. 
In order to eliminate the error due to this residual evolution, 
of gas^the rosults have been calculated in the lollowing way 
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For each group an arithmetic average pu <4* was 

^calculated. From these values Ap, Ad were calculated as 


j- - 


^ 2 - 




etc. 


The final results are collected in Table IV. 


Table IV. 


Ebcperiment. 

4p bar. 

' ; 

jjrbar. 1 pcbw. ; 

! 

7 curie. 

10~* C.C. 

5 

II 

*433 143 *75 

*454 ^ *143 *77 

*104 

615 

6*41 

4 

*896 1 -743 

*153 *825 

... 

6-m 

■909 ! -763 

•153 i *825 

•176 

6*33 

■908 i ■808 

•1 : ■SO 

; 

... 

! 6*8 


It will be noticed that the degree of purity of radon was 
in these experiments higher than in the first experiments. 

The average value of Vo is 6‘39.10’*^ c.c., and is probably 
correct within 5 per cent. 

The average of the values obtained in the first two experi- 
inents is 6’19.10^^ c.c., differing by about 3 per cent, from 
the final value. This small disagreement shows that with 
this method even in very imperfect conditions relatively good 
results can be obtained. 

The constant Vo is connected directly with the number 
c£ a-particles emitted in one second by 1 g. Ra. From 
Vo * 639 . 10-^ C.C., we get Z = 332.10^ 

The method described in this paper could be further 
improved by constructing more sensitive gauges. The main 
difficulties arise from the violent effects taking place in 
presence of radon. It would therefore seem desirable to 
find a material which does not give off gases when bombarded 
by «-rays On the other hand, it seems that the method 
could be applied successfully to another similar problem^ 
via., the determination of the volume of He produced in one 
second by 1 g. Ea* 

* Since this paper was written I have found that ^laaa baked out to a 
temperature of 45(Pdoes not ipve out any appreciable amount of gas 
4 Uider the action of «*rays. 
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V. Detemdnation V© hy use of Capillartf Tubes. 

The r^olts of this work shew that I was anable to obtain 
pare radon; the relative amoant of CO* varied in different 
experiments from 15 per cent, to 45 per cent, of the total 
quantity of gas. It will be remembered that in the method 
of compressing the purified radon into a capillary tube the 
initial volume undergoes generally a marked diminution 
ranging from 30 per cent, to 50 per cent, of its final value. 
It seems clear that in this method also pore radon was not 
obtained by use of chemical processes only. It is highly 
probable that the final purification takes place in the capillary, 
the impurities being absorbed by glass under the action of 
«-rays. 

In order to throw some light on this question, I have 
executed some experiments by the method of the capillary 
tube using an apparatus described in a previous paper *, and 
also the arrangement shown on fig 3. To the vertical tube 
Y a sloped tube S, ending in a calibrated capillary Ci, was 
sealed. Another capillary C* of the same bore as Cj sealed 
to V, allowed the pressure of compressed gas to be determined 
by means of a cathetometer. The use of the bulb b will be 
explained later. 

The first experiment was performed with the apparatus 
described in my previous paper. The results were very 
similar to those obtained by Rutherford. 40*5 millicuries 
radon were introduced into a capillary. The contraction 
amounted to 30 per cent, of the final value, which corresponded 
to Vo =s= 6'4.10~* c.c. 

It would seem surprising that in presence of rarefied radon 
gas is evolved, while the concentrated radon acts as a 
“ clean-up ” agent. This apparent contradiction is easily 
explained if we consider that the first effect is due to 
collisions between a-particles and the walls of the apparatus, 
while the second one is a consequence of collisions between 
molecules and a-particles. It is probable that, in analogy 
with the clean-up effects observed in a triode valve, ioniz^ 
or excited molecules are readily absorbed by the material of 
walls. If the pressure is very low the number of collisions 
with free molecules is negligibly small, and therefore under 
these conditions the evolution of gas is more important than 
its absorption. 

^ a concentrated state radon atoms as well as molecules 
of impurities are struck by a-particles, and it seemed there- 

* Wute&stnn, ite. cH. 



32 ■ Det0Tminati(m Volume oj 1 Curie Madon. 

fore probable Aat radon itself may be partly absorbed in 
the capillary tubes. 

In order to verify this hypothesis I have tried to repeat 
the experiment with radon as pure as possible ; if radon wae 
absorbed, the final volume ought to be smaller than its 
theoretical value. 

I have used for this experiment radon the degree of 
purity of which has been tested by the “damping” method. 
This radon was distilled into the tube S (wrapped for this 
purpose, as usual, with cotton wool, soaked in liquid air). 
This tube contained some fused KOH in order to diminish 
further the amount of COj. Before compressing the radon 
into the capillary, it was submitted to another kind of 
purification based" on laws of flow of highly rarefied gs^s. 
For that purpose the bulb b, connected to S througli a 
•5 mm, wide capillary, was used. After the radon had been 
condensed, mercury was brought into such a position that 
the communication with b was shut off. When the radon 
was set free after removal of liquid air, the mercury was 
lowered for a few seconds below the opening of the capillary. 

During that short time a part of the radon passed into 
the bulb b, but, according to the laws of flow of gase.s, the 
relative amount of COj which went to this bulb must have 
been touch larger. The remaining gas was introduced into 
the capillary Oj. 

The results of the experiment cottfirtned my hypo¬ 
thesis. The initial volume of the radon corresponded to 
Vfl=5-9,10“*c.c., the final volume (determined on the next 
dav and corrected for radioactive decay) to Vo=4'34.10~^ 
c.c. 

We see that nearly 30 per cent, of the radon was absorbed. 

In order to ascertain the nature of this alworption the 
radfm was pumped out and the tube heated during exhaustion 
to 200°. Subsequent measurements of the 7 -ray activity 
showed that the tube retained about 20 per cent, of the 
initial quantity of radon (taking account of the radioactive 
decay). 

The amount of concentrated radon absorbed on glass 
seems to increase with the time during which the radon is 
kept in the capillary. In another experiment performed 
with less pure radon the initial volume corresponded to 
Vo»7'91.10"^ C.C., the final value, measured on the next 
day, to 6*2.10~* c.c. After four days the radon was pumped 
off as in the previous experiments. It was found that the 
glass retained strongly 40 per cent, of the initial quantity of 
radon absorbed. 
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It is probable that the *'clean-np *’ effect of at-rays i» 
selective. It is obvioasly mach smaller for radon than for 
other gases, and this explains probably why the method of 
the capillary tube gives in general results very close to 
troth. 

The work described in this paper was performed during the 
years 1925/1926 and 1926/1927 in the Cavendish Laboratory. 

It is a great pleasure for me to express my best thanks to 
Sir Ernest Rutherford for bis kindness in receiving me in 
the Cavendish Laboratory, in placing at my disposal the 
large quantities of radon and other experimental resources, 
and in showing a permanent interest in the progress of my 
work. 

I am grateful to Dr. J. Chadwick for his help and interest. 

My stay in England was made possible by a fellowship 
granted by the International Edncation Board. 

I wish to express my thanks to this Board. 


III. The Classical Reasonableness of the Quantum Theory 
and Simple Operative Solutions of Schrodinyers Equation. 
Prof. A. Press *. 

Part I. 

The Differential Equation of an Excitation Field. 

I N a paper appearing in the Philosophical Magazine for 
Dec. 1927, the writer likened the action of a radiating 
harmonic oscillator to that of a reed or organ-pipe fed by a 
source of air under pressure. As the pressure was increased 
the organ-pipe responded but slightly to an increase in 
intensity of the note emitted, for a {voint was soon reached 
when the dominant note suddenly changed to a higher 
harmonic. It was later shown b}* strictly classical analysis 
that the amplitude of the radiation wave always bore a 
definite ratio to the amplitude of the normal non-radiating 
component. In the following, therefore, reference to the 
normal non-radiating component wdll be sufficient. 

For the pipe above referred to, the excitation field contem¬ 
plated would be that due to the blowing stream causing it 
co^ emit a note. It will be on the basis of the above analogy 
with the radiating harmonic oscillator that the following 
analysis will be developed. In general there will be a 

, • Gommnnussted by the Author. 

Phil. Mag. S. 7. Vol. 6. No. 34. July 1928. 


D 



34 Prof. A. Press on the Quantum Theory and 

variable velocity potential P in such an exciting stream 
because of the action of the organ-pipe wall of the slit or 
the reed, which, doe to the vibrations, ^eetsthe distribcttion 
pt' pressure head in the stream contiguous thereto. As tlm 
slit wall or reed vibrates outwardly and inwardly the strpsai 
becomes blocked and more open alternately. The wave-front 
of pressure intensity (and therefore of velocity potential) 
will travel backwards along the stream toward tne source 
as long as the slit wall in its alternations gives freer egress 
to the excitation stream. With the return of the slit wall 
or reed and the blocking of the stream, the wave-front of 
pressure intensity' (and therefore of velocity potential) 
returns in the direction of the stream-flow. There is thns 
an alternation of the wave-front {xtsition along the stream 
depending on the frequency of the note emitted. The 
equation of the velocity potential therefore becomes 

'yP_l^P 

dt* ’.^ ^ 

with n as the velocity with which a disturbance can travel 
along the stream for a given mean velocity vo of the stream 
itself. 

Relationship between the various Velocities concerned. 

As the momentary velocity w of the stream is increased 
relative to x, the momentary velocity u at x, with which any 
♦iistnrbanee in the velociiy potential can proceed, will 
diminish in value, hut correspondingly the momentum at 
any moment of the slit wall or reed {mv), and therefore the 
velocity v, will increase. That is to say, although there is 
phase correspondence between the v of the alternating slit 
wall or reed and u with which the phase of the potential 
disturbance travels with respect to the excitation stream 
velocity w at x, the one velocity v increases, whereas the u 
at any x diminislies inversely with increasing w. The above 
complies with one of Schrodinger^s * conditions, in which a 
represents the velocit}' of his ■^function, and v the momen¬ 
tary velocity occurring in the kinetic energy expression of 
Hamilton’s fanction Eo* 

Postulates of the Mechanical Con^raints 

If, now, in the hypothetical case of a “ Radiating Harmonic 
Oscillator ” the maximum kinetic energy of the alternating 
member due to its extreme position (analogous to that of 

* See SehrtdiDger, ^ Uadalatory Mecbames ” Ber., Dee. 29:%. 
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the slit wall or reed above^ is so limited that we have a 
connecting equation o£ the type 

. ( 2 ) 




P *?(«) .sinI 




)■ 


(3) 


then the function solving equation (1) must be of the form 

/27rEn 

'V ^ 

This will enable a considerable simplification to be performed 
in solving symbolically equation (1). 

It has already been stated that u, at any moment per¬ 
taining to the instantaneous velocity of the P wave-front, is 
inversely proportional to the mean stream velocity w. 
Similarly the e of the kinetic energy term, having reference 
to the radiator (the wall of the slit or reed, as it were), is for 
the same moment directly proportional to the mean stream 
velocity w. It would be therefore reasonable to write that 


; ^ 
u sr /||-; 

mt? 


* mv ’ 


( 4 ) 


und the Fourier law of dimensions will be satisfied. 


Schrodinger s IJiffe^ential Equidmn* Split Form of 
PlamFs ComtanL 

Bj virtue of equation (2), the solution of equation (1) 
beinsj of the form 


P « P(.r).8in?^t, . . 
this enables us to write symbolically that 

Making use of the latter, (1) transforms to 

5 !? + _ 0 


(5) 


( 6 ) 


(7) 


There then remains to express u in terms of Eo by virtue of 
(4). Introducing the latter, we have that 




( 8 ) 


* The j osfification of this tvpe of (juaotnm Formula will be gone into 
later. See end Part I. ' 


D2 
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indieating that what Schrodinger calls Planck’s constant h is 
in the above analogy really given by the following split form, 
namely 

h =!= iAo’^i =* Planck’s constant 

= (proportionality factor for the frequency with 
respect to the normal energy content) x (pro¬ 
portionality factor of the phase velocity in 
the stream with respect to the inverse of the 
velocity of the radiator *.(0) 

To throw equation (8) into the form used by Schrodinger 
with such telling effect, we note that the kinetic energy 
is really given by 

Eo - V = .(10) 

where V is the potential (elastic energy content analogously 
of the flexed slit wall or reed), and Eo is the maximum energy 
content, kinetic plus potential, w'hich for any given frequency 
is conservatively a constant. Thus we have that 

AP+= 0, . . . (11) 

where the P abore corresponds to Schrodinger’s -^function. 

If, now, the excitation stream is considered expressible by 
means of the radius coordinate r instead of the .r, then V can 
also be expressed in the form 

V = . . . . , (12) 

T 

where e is the electronic charge. Then, as Schrodinger has 
shown, Eo must conform to the requirement 


—27rW 


1, 2,3,4, 


in order that finite single-valued solutions shall follow. The 
whole quantum theory therefore hinges on the above appa¬ 
rently classical type of development. A simple derivation 
of (13) by Operator Methods will be given herewith. 


The Hamiltonian Mechanics of the Radiating Harmonic 
Oscillator. 

It is well to bear in mind that, if e in electrical theory is 
the applied force and q is the displacement, the work equation 

= .( 14 ) 

♦ Bee footnote with reference to (2), 
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and for hysteresis as well as radiation the e is not in time- 
phase with the displacement q. Thus, if 


g sas gi sin vt + cos vt = (gi -f qii) sin vt^ 


smvt, V 
nnvt^ J 


e s=s €i sin pt + 02 cos vt = (ej + sin 

then with 

g = ie 

the k is complex, time operationally, and is of the form 

k = ii —1:2)9 


(15) 


with 




d 

dt* 




(15 a) 


Adopting, now. Maxwell’s definition of njoinentum jt?, we 
can write 



(15 6) 


which leads to the equation 


q = — K*(ij--irj;)po t.( 16 ) 

That is to say, whenever radiation occurs the momentum p 
is not to be taken in time-phase with the velocity g of the 
displacement. The out-of-phase component corresponds to 
the radiation requirement* 

The Modified Hamiltonian Equations of motion for radia¬ 
tion can now be written as 


where it would follow, if H diminishes with g, that then, by 

virtue of (14) and {15)^ we should adopt the minus sign and 
write 


dH 

idq 




. . (17) 


Note that the first of (17) is of potential type and the second 
of (17) kinetic or motional. Now, solving equations (17) in 
the light of (16), and adopting the form provisionally that 


p ssz p^sinvty (18) 


e Bee paper by writer in Phil. Mag. (Dec. 1927) for this type of analysis 
in radiafion theory* 

t For the intipretation of this formula in terms of mechanical 
momentum and the r^tc^on equiTidence for radiation, see further. 
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it follows, after integration, that 

H=— kgvpjj'-ptt, . . . (19) 

The latter leads to the eqnations : 

H 3= Eo+ Hr, 'I 

where H„ = ip*po®ii cos 2ut, i . . . . (20) 

j 

The last of (20), since it is independent of time, applies to 
the conservative part of the system, whereas the second or 
He represents the radiation term of energy. The conclusion 
is then forced upon us, that whenever simply sinoidcd radia¬ 
tion takes place from an harmonic oscillator, then the con¬ 
dition is ipso facto imposed, with regard to amplitudes, that 

I? =3.(21) 

In other words, a pure radiative harmonic action of an 
oscillator cannot exist classically save under the condition 
that the radiation system regularly absorbs and radiates 
energy equal to one-third of its normal non-radiating 
content. The above therefore explains why Eo alone can 
be used in the Schrodinger equation. 


Relationship of Momentum to Velocity. 

Turning to the justification of equation (2), which is 
fundamental in Quantum Theory, by the aid of (15) and 
(15 a) we have for the velocity the expression 

d d 1 d* . ^ 


d 


q^v , sin pt + qi. sin vt. . (23) 


Witi respect to a true mechanical momentum p (of non- 
radiative character therefore), it follows, postulating as 
before 

p jsr po sin vt,.(18) 

that by virtue of (16) we have 

^ as—|/*i,p0sinv#-bvl:*poj^sinv<. . . (24) 

It is the first term that corresponds to the mechAoicai 
momentnm component sought, since (18) itself involves the 
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sine fonction of the time. The second term of (24), which 
is radiatively necessary, then complies with the second 
of 723). Tkt is to say, with regard to the 
oomplei” q, the first or real part gives the tree velocity 
comLnent out of an actual bodily displacement of 

thrSit wall or reed. The seemid or tmagmarg compof^t of 
q in (16), which really depends on the rate with which the 

bodily displaeement takes place, has reference to the radiation 

’^^^Eqmiting coefficients for the first terms of (23) and (24), 
we have 

irkfPi, = —qzv 

vkifo 5 = . 


or 


Yet for a reed flexing merely to produce a fundamental the 
bodily velocity will be relatively «nall, but the maximum 
ffisplacement g, will be large. On the other hand, for 
an ^overtone the displacement g* will be relatively small 
(whether due to a note produced because of 
ktteningof the reed or not*), but the P®*f 

therefore^ the velocity r, will be large. We are therefore 
justified in assuming the possible proportionality 

.(26) 


93 - 


*0 

1*0 


If, then, this is equated to (25), to find the value of k, we 
have that 

ho'^vktpo^ . (20 

Substituting in the classical requirement of (20), we have 
that 


Eo = |Ao'«'=® V • • • • 

which clearly suggests Planck’s Quantum formula. 


(28) 


Pabt II. 


The Differential EqueUion for the Balmer Series. 
Given the equation (1), namely 


d*P 


«*AP, 


. . (1> 


• In the case of the Harmonica or ** mouth-oi^^ _ a 
of the reed takes place. In fact, -with teo miMjb ^ 

becomes closed and no note is emitted. 
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the symbolical solution leading to (5) above would be of the 
form 

P = A(r, . . . (27') 

The latter will lead to a sinoidal time function such as (5), 
provided it can be shown that as an operator really can 
bo made equal in succession to a series of constants (Eigen- 
werthe) which are imaginary and not real. 

Consider, then, preferably the argument P of the type 

|P = RYT, ^ 


where T i 

Y = F(^, f 

R = F{r). J 


. . (27 a) 


Introducing the latter into AP and noting that 

*d* . S' 


A-^ 4.2^4. 
Br* r Br 


/•* { siiPti • B^= B<?^ ^ ‘ ’ 


it is qjiickly seen that 

AP = TY{AR)+TR(AY), 


B^l 

. (2«a) 


and Y can fireferably be taken as a surface zonal harmonic. 
Since on substituting r‘Yt in (28 a), we find 


Therefore 


AY = 


Hf+1) Y 

r* 


. . (29) 


AP = YT I AR-R^i-^-^^ I P 

fAR /a + l)l 

= i It *» • 


(30) 


and symbolically as a multiplying operator coeflicient. 


A = 


AR 1(1+1) 
R r* 


(31) 


If, then, in (1) we can set (with n instead of 1) 

tt*A . . (32) 

* Hiii noH of vulm pf&ctieallj applies where the A4uoctien is iriven 
for a<»iie memeBt {f a»0). Bob^uent values of P follow froia 
deTolopiiig tke expou^tial a^yiug it to A. 
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where e is one o£ a possible set oE whole numbers, equation 
(27'i will give the needed sinoidal time function. 

Cross multiplying (32) and reducing, we have 

AB-={ iI 

Substituting now the value oE u* from (4), it follows that 


m*«» 2c»m(Eo4-e^/r) 






The equation then becomes 

On the other hand, starting with equation (11), in which 
we set V=—e*/r and K = A/2w, we have that 

AP+g{E.+ ^}P = 0. 

Making use of (30) and (27 a), it then-follows that 

IT { J + ^‘ (E.+ ^ } TYR = 0, 

which, on reduction and rearrangement, gives 

AR+{g(E,-H^)-’=-‘!y--i^}B = 0. . (34) 

On comparison with (33) it is at once seen that we need to 
equate 

. . e (35) 

It is from (34) that the possible values of n are to be 
obtained to produce the Balmer series of energy levels. 

The Schrodinger EquoAton and the Bohr s Levels. 
Equation (34) can also be written symbolically in the 
form(|; = n), 

{n*+^n+(A+®-^)}y «o. . 


. ( 37 ) 
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The writer has already shown (see Trans. Roy. Sec. Canada, 
1927} that the above can be factored operationally into 
the form 


{(ri+p)r,M}y 



I 


dM 
^ dr 


+ 


dr* 



as (n®+Pori + Q0)y = 0*, . . 


provided we set 


Po = p-»- 


2 

M dr ’ 


. . (38) 


Qo* 


51 f dM 
M dr 


. dm 

d^ 



On eliminating M from the two equations, it follows that w* 
need to satisfy the relation 


P.>+2§!-4Q. = ,,-+2|. . . 

Clearly, from (37) and (38), we have 

p j_4 ^ dPg _ 4 

so that (39) reduces to 

^»+2*+4(a+®-5) = 0. . 

Now, a solution of (39') is obviously of the form 

h 

. 

T 

for we then have that 


. (39) 


(39') 


• (40) 



b* , 2/> 
+ ^ 



B 

T 



(*i) 


This can be satisfied by equating coefficients separately to 
zero, as we have 

a* + 4A * 0, "I 

-26a + 4B»0, ).(42) 

6*+2h-4C = 0,j 


• IHbe al^hra <d these operatcnrs is noa-commuhitive because el the 
varis^ coefficiaits. 
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with 


A 


2m£i 



C = «(«+!). 


(i3) 


BvalnatiBg th« unknown parameters in terms of the known, 
the first of (42) gives 


a 5=s 2 v'—A = 



-2mE 
K* * * 


(44) 


On the other hand, introdnciug (44) into the second of (42) 
resnlis in 

4B « 4 . 6 ; B/v'^. . . (45) 

Again, the last of (42) gives 



and the solution of (46) is clearly of the form 

which agrees with Schrodinger’s formula (15’), p. 368 of his 
‘ Wellenniechanik.’ 

If, then, n is to be taken as a whole number to ensure 
single-valued solutions, it follows that Eg must be taken 
negatively to avoid imaginaries in (47). It thus follows, on 
squaring, that we hare the condition from (47) that 

„ _ me* 1 


Substituting, therefore, the value of K in terms of the Planck 
instant lijiTt, we have, finally, that 


-E 


2ir*w^ I 

A*k* «=si.a,a4.».' 


. . (48) 


which is identical with Bohr’s requirement for the energy 
levels as referred to by Sohrodinger, p. 371,1. c. 


• nssb/2 is not the only type of solution. Solving for » in tmas of 4, 
we can take d/Ssn-f*! tiecauM of the square-root siga in (46). 
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Pabt III. 

I%e Linear Oscillator PrtdAem. 

Taking the case of a single coordinate "we have for the 
kinetic energy the expression 

T = m 

wherein the mass m is properly included in g. Then for the 
potential energy we have 

V = 27r2voV- 

SchrSdinger’s equation then becomes, as he has shown 
(' Wellenraechanik'), p. 514, 

^ + ?j?(E<,-2.,>..V)P=0. . . . (.48) 

If, then, we set 

Sir^Eo , 16w^Vo“ 

the equation becomes 

d^P dhj 

+ (a~6g*)P = 0 = ^ + (a~%*)y. . (50) 

To solre the latter, again the method juj»t indicated can be 
employed. 

In this case operationally the differential equation 
becomes 

{qi+{a—hq^)}y =* 0 = {^i*+Pj^i + Qjly 

wherein the new Pj is really zero and Qj stands for 

Q, = 

The subsidiary equation takes the form, therefore, 

; IV+2®‘-4Q. = ,> + 2^, 

p- + 2^+4(a~%*) =0.(51) 

Now, the solution of this type of equation is either 

p- Aq ') 

p:.A2+l}- • • • 


or 


. . ( 52 ) 
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Taking the first solution, it follows, on introduction, that 

AY+2A+4(a-%*) = 0. . . . (53) 

This will be satisfied if we set 

2A + 4a = 0 ; A* = 45, . 

A = — 2a ; 4a* «= 45, | 


“r = - 1’ 
yo 


\ 


(54) 


which corresponds to one of the ‘‘Eigenwerthe’’or letter 
parametral values, or parametrals/^ quoted by Schrodinger 
(see I. c. Eq. (25), p-515). 

Turning now to the second t 3 '|>e of solution, viz. 

P==A9+^, 

we have to satisfy the relation 

2B 

ky + W}f + 2AB + 2A- ^ + 4(a -5/) = 0. (55) 

This will be met if we equate 

2AB + 2A + 4d = 0,-) 

A*-45 = 

B* 

The last gives g _ . 

so that, introduced into the first of the set, we have 

6A + 4a — 0, 

A = —§a. 

Thus, on substitution into the second, it results that 

= 45 


j 

-45 = 0, j- . . . 

2B = oJ 


(56) 


- . 

''^hich is the second of the Eigenwerthe enumerated by 
Schrodinger, 

To obtain further values the solution of (51) needs to 
be generalized. This will permit the intr^uction of a 
general parametral expression N similar to the n(n-hl) term 
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occarriog in the soltttion for the Bohr 4nerg7 leTels. Thus 
for the term Aq in (52) we can set 

X ~ fi9)> 

whereas for the Bjg term we can preferably take 

1 dY 


In this way we have 


Ydg 


^F{q). 


p = Ax+ 


B dq 
Y‘dY 


(57'; 


Introducing the latter into (51) gives 

and we have, instead of (51), 

A®x^ + 2 A + 4(a— bq^) 

= (=a, 

The first term on the right-hand side can easily be avoided 
by setting B = 2 

On the other band, no harm will be done by placing 

A = 1. 

If, then, in addition, we set 

nr, what is the same thing. 


«iY^vrv n 
T* +x:^+ny«o, 


dq* ^ ^ dq 
the resulting equation will be of the form 

;^+2^+4j(.-N)-i4-(-0 


(59) 


(« 0 ) 
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Wbeiher N <ian be introciaced into (60) will de{>end on what 
valaes are possible for N in the equation (59) *. 

The new solution p of (51) thus becomes 

Dealing, then, with (60) instead of (51), we know that 

X = ...... (62) 

is a solution. This should at least lead to the result (54) as 
well as (57). Introducing (62) in (60) gives 

A*9* + 2A+4 {(o—-N)—• • (63) 


Equating coefficients separately to zero gives 


A* = 45; 

A = 

-2V6; A = 2(N- 

-a) =-2^b. 

whence 


II 

1 

.... (64) 

If, now, we 

make 

N = 0, . . 

.... (65) 

but with 


II 

Ha 

.... (54) 

we shall have 


- 2 

V5 • * • 

.... (66) 



JL=; 1+JL= 3, . 

y/h s/b 

.... (57) 


which is the second Eigenwerthe magnitude required. 


* In reality equation (69) can be written as 


where 


d»Y . p rfY . - . 

^+P.-^-+Qjr = 0, 

^\ — Xf Qi *= N. 


Under the^ conditions a solution can then be made to depend^ as already 
snown, on tbe subtidiary oqiiaticm of the type 


,-+2g+4N..-+3l. 

^ identiotl with (00). Whateirer Wb are solutionally 
pc^Die in (op-are equally posable in (00), Thus it remains to deter- 
o!* r discrete values N needs io have in order to be aWe to build 
up a set of parametral values and functions. 
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However, if we take the more geoeral type of solution, 

via. „ 

. B 
X = Ay+-, 

then we have, by the steps leading to (54), on substituting 
there o—N for a, that 


fl-N 


a 


= 3, 


N 


„ = 3+ ( 

•/b <^b I 


(67) 


This will surely give (57) by taking condition (65), 

N = 0..(65) 

On the other hand, introducing condition (66) would give 

.... ( 68 ) 


^ = 8 + 4=5 


or ^=5.(69) 

For the further parametral values of the series an 
additional parametral expression M' can he introduced into 
(57) in exactly the same way as N was introduced into (51), 
and then we have to consider an equation ol the type 


224 . 2 ^^ 4 - 4 |(a-N-M')- 5 g*l = 0, 

with an equation of condition to suit, niimely 




(70) 


(71) 


etc- 


The parametral values (Eigenwerthe) are evidently now 
of the form 


Vi 


= 2n+1 


(72) 


|«= 0 .1, 2 ,3 etc. 

Substituting values of a and h as indicated above, we finally 
have for the energy-level values 

, . . . (73) 

showing that half quanta are needed for their designation. 


1:1 2n + l, 
Eo = - hVQ 
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Summary. 

On the bases of a meehanical analogj Schrodinger^s Wave 
JSijaation is obtained by employing the idea of an exci^tion 
stri^m of air to a reed or organ-pipe. The abore equation 
of araTe-moiion then applies to the varying velocity potential 
of the stream. It is found that the reed or organ-pipe when 
excited gives a relationship between the velocity of the 
vibrating reed or slit wall and the mean velocity of 
the stream. In this way, also, a relationship is found be¬ 
tween the speed of the pulsating ^wave-front of the velocity 
potential and the mean stream velocity. By combining the 
two a proportionalilr factor A| results, which latter needs to 
be combined with the constant derived from assuming a 
proportionality law between the normal energy content of 
the oscillator wall and the frequency set up. It is shown 
that the latter really follows because, as the pressure goes up, 
the maximum displacement of the reed or slit wall actually 
diminishes with the increase in momentum. This is in con¬ 
formity with the fact that in the harmonica or mouth- 
organ the reed-opening becomes more and more closed as 
one blows harder and harder. That is, the Planck constant 
h is split up according to the formula 

introducing the above factors into the differential equation 
of wave-motion results in the final form of Schrodinger 
without the use of the Hamilton Varying Action principle 
or the Hamilton-Jiicobi equation. 

It had Til ready been showm by the writer that on purely 
classical grounds there must always be a fixed relationship 
between the amplitude of the pure harmonic radiated energy 
and the normal non-radiated content of the oscillator. This 
explains why, in solving Schrotlinger^s liquation for the 
Balrner series, we need only consider the conservative system 
of the radiator. 

By means of a general operational method analogous to 
the factoring method employed by Heaviside, the writer has 
shown that equations of the type used by Schrodinger can 
be solved in an effectively simple way. The Eigenwerthe 
are first deduced, and later only are the Eigenfunktionen 
developed automatically, without having to resort to a 
previous study of Laguerre polynomials or Hermitian 
functions. 

1814 lath St., N.W., 

Wi^hingtoa, B.O., I7.B.A., 

Jan. 1. im 

P/ifl. Mag. S. 7. VoL 6. No. ai. Jnlg 1928. 
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IV. Tke JEUetrome Theory of Valency, — Pari VI. TAe 
Molecular Structure of Strong and Weak Eleetrolytet, 
(b) Seversible loniz^ton. By T. Mabtin Lowbt *. 

T HE.ihaerj of complete ionization has met with snch 
marked sncoess that it might easily be snpposed that 
it conld be applied to all electrolytes. 1%e present paper 
therefore contains a review of some cases in which the 
ionization of an electrolyte is reversible instead of complete. 


True Electrolytes and Pseudo^eleetrolytes. 

Ihe most obvioas examples of reversible ionization are 
provided by those compounds in which nentralization of the 
opposite charges of the ions is rendered possible by a change 
of molecular structure. Thus, according to the electronic 
theory of valency, a quaternary ammonium chloride must 
remain permanently ionized, since both the ammonium ions 
and the chloride ions carry complete shells of electrons and 
cannot share electrons without creating a surplus. There 
are, however, a number of cases in which this surplus can 
be disposed of by a rearrangement of bonds within the 
molecule, giving rise to a wholly covalent compound. This 
change takes place with greater readiness when the chlorine 
is replaced by an anion of a less strongly negative character, 
*. e., by a radicle which is less hungry for electrons, and 
therefore more ready to share them with another atom. 
Thus methylphenylacridinium chloride is a true electrolyte, 
which remains permanently ionized in aqueous solutions: 
but, when sodium cyanide is added, a progressive fixation of 
cyanogen ions takes place, until after about a day at 25°, 
the condnctivity is found to have fallen almost to the value 
for sodium chloride, as a result of the complete conversion 
of the ionized “ true salt ” into an insoluble “ pseudo-salt f. 


C,H, C,H* 

/C\ 

C,HK I >CeH* C,H*< >G,H4 

>n4 >N<- 

CH/ Cl GB/ on 


Methylpbenjl- 
aexidiiiium eblartde* 


Metbylpben^^lfteridiniam 

eyitnide. 



Melbylpbenykjano* 

aeridtne. 


♦ Commumeated by the Faraday Sooiety. 
t Haot^eh and Kalb, xxxit. p* Slw {l^)v 
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A similar change o£ stractnre can be effected in the 
diaaocjanides by separating the salt ” from aqueoas 
eolations and dissolving it in a non-ionizing solvent, when it 
behaves as a typical non-electrolyte, whereas in water it 
behaves just like the chloride 

CeH, . N : N . CN 


N 

Biassonium oyamdi«. Biasa-eyaaide. 

Precisely similar considerations apply to the fixation of a 
hydroxyl4on. Thus a solution of methylphenylacridinium 
ohloride, when mixed with an equivalent quantity of sodium 
hydroxide, shows at first the normal conductivity of such a 
mixture ; but this conductivity diminishes progressively to 
that of sodium chloride as the hydroxyl is “ fixed by the 
anion. 

CeHs /OH 

/Ox > 0 < 

OfiHX I >CeH, -> 0 *HX j >OeH, -> C,H/ 

>n/ 

im/ 01 CH/ OH CHj 

Methylphenyl- Methylphenyl- Methylphanjlacridol. 

aertdiniuui chloride. acridiniuin hydroxide. 

The acridol, which is formed as a product, is a tertiary 
amine-alcohol, compare and ( 0665 ) 30 .OH. It 

is therefore Just as true a base as trimethylamine, but differs 
from other tertiary bases in that one of the alkyl -radicles 
carries a hydroxyl-group, which is eliminated in the form of 
water as soon us the Imse has performed its characteristic 
function of accepting a proton from an acid. Although, 
therefore, it is commonly referred to as a pseudo-base/^ 
it would perhaps be described more accurately as a ‘‘pseudo- 
alkali/^ L <?,, us a non-electrolytic isomer of a quaternary 
ammonium hydroxide. 

Stronff and Weak Adds, 

Whilst the conception of a ‘‘ strong electrolyte is a very 
modem one, the existence of strong and weak acids has been 
familiar for 1000 years or more, and had already been 
interpreted in many other ways before the strength of an 
acid was finally correlated with its electrical conductivity in 

E2 
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dilnte solutions. The theory of 

fnre receives its most serious challenge froro the existent 
"TSta, ,Woh ob.y Ortwald;. 

,h.r..is8n.ri!), md oannot Aerefore 

tion formula for strong electrolytes (!-««: c*. where «is 

^**In^order to account for the existence of thwe weak acids^ 
Hantesch has suggested* that carboxylic acids can exist in 
two interconvertible isomeric lonns, thus: 


/O'! 

True acid R.C<^^|h compare 


Pseudo-acid U.C^' compare R.C 

\OH 


'\0Et 


A dynamic isomerism of this type is actually observed in 
the nitro-paraffins, 

./O 

CH,. CH,. NO^=OH,. CH: 


or 


+ /0 + 
0H3.€H:N< _ H 
\0 


and is an obvious factor in reducing the acidity of the 
compound, which must be diminished in 
to the extent to which the true acid is converted *0^ 
isomeric pseudo-acid. It is, however, by no means certain 
that the cLtrast between strong and 

other cases on so definite a phenomenon. For instance, we 
need not suppose that phenol owes ite weak acidity to 
conversion into an isomeric pseudo-phenol, 

/CH;CH\ 

C.Hs. 0H;=±H3C< >C : O 

phenoL P»«udo-phenol. 

- + 

since it is sufficient to postulate that, whilst the 

radicle of sodium phenate is permanently 

—OH radicle of phenol is held together by a real bond, jus 

♦ h p. 1488 0M7)- 
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as in the case of the alcohols. Dissolution of the sodium 
compound in water would then give rise to a direct 
dissociation of ready-made ions as indicated by the equation, 

-b Na, 

whereas, in the case of phenol ii^lC, ions could only be 
produced as the result of a destruction of nentral molecules, 
by the rupture of the hydrogen-oxygen bond, as in the 
equation : 

C^Hg.O.H^CeHsO + H. 

Some care is needed in order to formulate these views in 
accordance with modern theories of atomic structure, since, 
as I pointed out in an article on The Uniqueness of 
Hydrogen exceptional difficulty is experienced in 

deciding whether an atom of hydrogen is linked to the rest 
of the molecule by a real bond or by a mere electrovalence. 
This difficulty arises from the fact that, since the hydrogen 
shell ” contains 0 or 2 instead of 8 electrons, the ordinary 
static symbolism makes no distinction between these two 

forms of union. Thus, in the case of H; 01:, the same 
electronic formnia serves equally well to represent a pair of 

* 4 - ~ 

ions, H(1, with 0 and 24-8+8 electrons, or a covalent 
compound, H — Cl, in which 2 of the 18 electrons are shared 
by the two atoms. When, however, a dynamic model is 
used, and shared electrons are regarded as moving in 
binuclear orbits, a clear distinction between the tw’o types of 
union again becomes possible, according as the orbits of the 
electrons in question surround two nuclei or only one. If 
this distinction is admitted, it appears probable that hydrogen 
b covalent in all its compounds, and that the free hydrogen 

+ 

ion or naked proton represented by the symbol H does not 
exist except as a transient product in a vacuum-tube or the 
like. This conclusion follows, on the one hand, from the 
fact that there are no electrostatic forces to prevent such a 
nucleus from falling inside the electronic orbits of any other 
atom with which it may collide, and, on the other hand, 
from numerical data which show that the union of a proton 
with water to form a hydrated hydrogen ton would liberate 
not less than 260,000 calories f. The ionization of an acid 

^ Lotny, ‘Chemistry and Industry,’ xiii. p. 4S <1923), 
t Fajaas, JBer. deut, Gm. xxL p. 709 <1919). 
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(wbich dom not take place when the pure compound ia 
merely melted) must then be formulated as depending on 
an interaction of the acidic hydride with water, or the like, 
gmng rise to an oxonium ion, as iu the equation, 

, 0. H OEf=::C^U,d + OHs* 

It will be seen, however, that this scheme still possesses the 
characteristic which is now put forward as a typical 
property of weak electrolytes, that the opposite electric 
charges of the ions can be neutralixed without any violation 
of the octet rule, giving rise to products in which the 
electrovalence of the ions is replaced by a real bond* 

Strong and Weak Bases. 

Bases resemble acids in exbibiting a very wide range of 
strengths. Thus the soluble metallic hydroxides (which 
include the alkalis) are all strong bases, and their strength 
is shared by the quaternary ammonium hydroxides, where 
the formation of a covalent bond between nitrogen and 
oxygen is prevented by the fact that the nitrogen is unable 
to attach itself by real bonds to five atoms simultaneously. 
Weak bases appear to be of two main types, since covalent 
compounds can be formed, either by fixing the hydroxyl- 
group by a real bond to an isomeric form of the kation, as 
in the acridinium compounds cited above, or by eliminating 
it in the form of a covalent molecule of water. The latter 
case is extremely common. Thus the amines generally 
behave as weak bases, since the concentration of hydroxyl- 
ions in their solutions depends on an interaction with water x 

NH3+HjO^[NH4]+OH- 
compare OO* + H,0;:i[C0,]— 

the ready reversibility of which is shown by the complete 
removal of ammonia from its a^neoas solutions by boiling, 
or of aniline by steam-distillation. Since, however, this 
dehydration has the effect of eliminating the unbalanced 
electric charges from the system, giving rise exclusively to 
covalent compounds, this explanation is in close agreement 
witb the general proposition set out above as regards the 
essential characteristics of a weak electrolyte. 

The problem of weak bases has, however, been carried one 
stage farther by Moore and Winmill *, who have shown by 


• Joam. Ghem. Soc. ei. p. 1676 (1912). 
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distribQtion experimenbi that the w^kness of the primary, 
secondary, and tertiary amines can only be partially attri- 
bated to dehydration o£ the hydroxide, and by Latimer 
and Rodebushwho haire suggested that the hydiate 
NHg, HgO may be formulated as 

H 

H:N:H:0:H. 

H 

This formula represents the monohydrate as a coralent 
isomer of ammonium h 3 ^droxide, 

NH 40 H;;=tHgN.H. 0 .H, 

in which the hydroxyl radicle is united to the ammonium 
radicle by a real bond, as required by our definition of 
a weak electrolyte. The fulfilment of this condition is 
not vitiated by the fact that, since quadrivalent nitrogen 
is positively-charged, and bivalent hydrogen is nega¬ 
tively charged, tlie resulting molecule would exhibit the 
phenomenon which J, J. Tiiomson has described as intra¬ 
molecular ionization ” t- 

The bivalenc}' of hydrogen is also of value in accounting 
for the fact that the polymerization of liquid water is not 
accompanied by’ ionization. Thus, if hydrogen were always 
univalent, the formation of a double-molecule would be 
represented b\" the scheme, 

Hs0q-H,0;=t[0H3]0H 

compare H^O -f HCl;;=^[OH 3 ]Ci, 

and the product would be an oxonium hydroxide, just like 
ammonium hydroxide ; but, if the hjrdrogen is bivalent, the 
formation of double and triple molecules can be represented, 
without any fommtion offree ions^ by the schemes, 

H H H 

2H :d: H;=t;d: H :0: H and 3H :0: H;:±;0: H :5: H :0: 

H ’ H ' H 

HydroL BibydroL Hydro!. Trihydrol. 


* Joum. Amer. Cbem. Soe* xliL p. 1431 (1920); ef. G, H. Lewis, 
* Vakai^," p, 110 (1023). 

4 FhiL Mag, (6) xxvii, p, 767 (1014); ef, Lowxy, Traas, Faradaj 
Soo, xvili, p. m (1928), and Phil, xMag. (6) xlv, p. 1105 (1^). 
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Here again the polymerized molecules must exhibit “ intra¬ 
molecular ionization/’ since the tervalent oxonium oxygen 
m positively-charged^ and the bivalent hy^drogen negatively- 
obarged^ as in the formula, 

compare HsN.H .O.fl.NHs* 

Alternatively the trihydrol can be represented by a ring 
structure dissected from the crystal-lattice of ice, thus 

H—OH 

HO<-^ ~>H 

\- 

H—OH 

Strong and Weak SalU* 

The number of metallic salts which are obviously strong 
electrolytes’’ is so large that it is not always easy to realize 
that a salt, like an acid or base, may be a %veak electro¬ 
lyte.” In the following paragraphs, therefore, u number of 
examples have been brought together of salts which behave 
as weak electrolytes; and evicJenee is again citetl to show 
that these compounds owe their peculiar inertness to the 
possibility of forming covalent bonds between the ions. 

(a) Stannic Chloride .—An ionic aggregate, in which each 
ion is surrounded by a number of ions of opposite sign 
{e. g,^ 6 in the Nad lattice or 8 in tlie OsOl lattice), provides 
ideal conditions for utilizing the resithnil aftinitv of the ions 
to produce a rigid crystal structure. When therefore a 
substance, which has the formula of a salt, exhibits the 
fusibility and volatility of an orgai>ic compound, the view 
at once suggests itself that we are probably dealing with 
integral molecules, rather than writh a continuous network 
of ions. We are therefore not surprised when stannic 
chloride (b.p. 114^, Lp. —33®) fails to show the electrolytic 
properties of a typical fused salt, since its obvious properties 
are those of a collection of individual molecules and not of 
an aggregate of ions. This general conclusion has received 
specific confirmation from the X-ray analysis of crystals of 
stannic iodide, where it has lieen shown that each atom of 
tin is surrounded tetrahedrally by four atoms of iodine, just 
as in the case of a covalent carbon-compound* 

No data are given in the tables for tbe conductivity of 
pure slannic chloride, which appears to bebave as an 
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insulator, like pure hydrogen chloride or pure water. In 
aqueous solution it is hydroh^ed to colloidal acid, 

sicL + 4H*Q;-Sn(0H)*4-4HCl, which appears to contri¬ 
bute nothing to the conductivity of the acid solution . In 

liquid Al- 

eleefcrolvte, giving A 14 —-0 04, i Jfnnnip 

thoueh' therefore, the metal and the halogen in 
chloride carry complete octets of electrons, it 
to ionisse one of the bonds ; but, as the tin is then left wito 
an outer shell of only 6 electrons, conditaon is ^ 

unstable to persist except as a minor feature of the final 

Stannr^chloride can, however, be converted in a strong 
electrolyte by combination with potassium chloride to form 
potassium stannic chloride, 

2KC1 + SnOlt^K* [SnClg] • 

The crystals of this compound have "^2 

analysis to be an ionic aggregate 
fluorspar; but, in forming this aggregate, the 
been separated from tlie chlorine, since (if we accep* 
iTngmuirs theory of coordination t) it now forms part of 
a complex anion in which six atoms of chlorine, instead of 
onlv four, are united by real bonds to the central atom of 
metal. This change is obviously accompanieil by 
of a tetrahedral into an octahedral conhgiiration. T1 e mcw 
that an octahedral 6 -coordination compound gives i 
square configuration when converted into a 4 -coordmation 
Sou^d, cannot therefore be maintained in his case 
iltbiugh it appears to have been establisheil in the case of 
platinum. 

fb) Mercitrv Special interest attaches to the 

behavionr of^the salts of ^ . J*'?® ?J®"ri"e 

resembles hydrogen in the readme^ with 
to “weak electrolytes,^ both in the molten . 

elution. This peculiar behaviour can, “ of 

buted to the fact that this element, in complete defian^ of 

the simple octet rule of the electronic theop, 

reedy to form covalent and electrovalent compounds. 

Evidence in support of this statement is set out m tables i. 
and II. and in the paragraphs which follow. 

• Foster, Phya. ^v. ix. p. 41 (189^ 
t Joam. Amer. Chem. hoc. xh. p. ^ {iwi»h 
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Table I. 

Specific Condoctivifcy of Fused Salts. 

(«) Strong EleetrolyteK 

I NaCl 3-34 at 800'’ f AgCl 4-98 at 800® 4 48 at 600® 

lHaBr3-06 „ •{ AgBrS dO „ 318 „ 

iKal 3-70 „ (Agl 2-62 „ 252 „ 

fKOl 219at800° fXlOl 1-700 at 800° l-(»2 at 427° (m.p.) 

1 KBr 1-75 „ •{ XlBr 1127 „ 0-803 457° 

iKI 1-64 „ ITU 0-840 0-32.3 „ 436° 

(b) Weak Eleetn^yies. 

Hgl., O OOm at 320^ HgCI^ 00078 at 270'' (m.p.) 

*0*0071 „ 288<> 

0 0083 „ 2000 
0*0118 „ 253" tm-p.) 

Data for aqueous solutions of inerctirv^salts ure as 
follows 


TilBtE 11 . 

Equivalent Conductivities of Mercury Salts. 

Mercuram Salts, Mercuric Sa/ts, 

HgClO,Aio*^=110 4Hg(OI04).A,,,=^»=:l05 •=0*77 

HgNO,A3^*8==: 59 «=:0*5e |Hg(K03)j^A32-*^=: 0*3 «=0*04 

(iniVyiOHXOa) pJgCla i*"* -“OOlB 

iHgCCN)^ Aj/*= 010 «=:0*00U7 

The weak and variable electrolytic conductivities of the 
mercury salts are just what one might expect if the positively* 
charged mercury ions were able to unite with the negatively* 
charged anions to form covalent compounds, 

Hg^^ -f 2Cr ;=^C1 - 

but it would be merely arguing in a circle to use these low 
conductivities as evidence of the formation of covalent 
compounds. It should be noted, however, that the con¬ 
ductivity of mercuric chloride is much lower than that of 
the nitrate, and that, whilst the coefficient of ionixation of 
mercuric chloride is only about 1 per cent, at jr/32, the two 
perchlorates, in which the halogen is completely enveloped 
by four tetrabedrally disposed atoms ol oxygen, have 
actually passed over into the group of strong electrolytes 
(compare barium perchlorate) with coefficients of 76 per 
cent, and 77 per cent, respectively at a ooncentmlion of iVyiO^ 
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On the other hand, mercuric cyanide, which was described 
by Prussia in 189b * as a non-conductor, behaves exactly 
like an organic compound in which ionization is just 
beginning to be possible (compare CMcsI in liquid SO 3 ). 

Fortunately, however, direct evidence is available to prove 
that mercury does actually form covalent compounds of the 
type that has been postulated as characteristic of ‘‘weak 
electrolytes/^ Thus, as long ago as 1898, Ogg showed t 
that the ratio betW'een the two nitrates of mercury, when in 
equilibrium with metallic mercury and a given concentration 
of nitric acid, is constant. This result cannot be reconciled 
with the equation, 

Hg 4 -Hg(N 0 ,)s;=; 2 HgN 03 or Hg + Hg++7:±2Hg+ 

but is in close agreement with the requirements of the 
equation, 

Hg + Hg(N 03 )s;=iHgN 0 , or Hg + Hg^+;=iHg,++ 

HgNO, 

The mercurous ion is, therefore, not a simple charged atom 

4. 44^^ 

Hg but a covalent complex Hg—Hg. This conclusion was 
confirmed by determinations of the electromotive force of 
concentration-cells, as well as by ether methods of investi¬ 
gation. The later measurements by Schilow | of the 
transport-number and conductivity of mercurous nitrate, in 
aqueous solutions and in presence of dilute nitric acid, also 
support Ogg’s conclusion that mercurous nitrate is a ternary 
electrolyte, the ionization of which must be represented by 
tbe scheme, 

Hg,(N03)^Hg,^^ + 2N0r 

and not by the simple scheme for a binary electrolyte, 

HgNOjC^^Hg-f NO 3 compare AgNOs^Ag-f NOs. 

Even more conclusive are the recent observations of 
Mauguin § and of Havighurst || on tbe X-ray analysis of 
crystals of mercurous chloride, bromide, and iodide. Nearly 

♦ Qmz. xxviiL p. 117. 

t Ohmn. xxviL pp. 285^11 (1898). 

t annrff, Chefn. cxxiuii. p. 65 (1924). 

$ Compt, iSmd. clxxviii. p. 1913 (1924). 

II Am. Joum. Sci. x. p. 16 (1925). 
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all of the binary haloid salts crysfadliEe in the onWc 
lattioe^ e. 

2faCh KC1» AgCl, AgBr, on a face-centred enbic lattice^ 
CsCl, Csl, TlCh TlBr, on a body-centred cnbio lattice, 
CnCl, CnBr, GuT, Agl, on the diamond or xinc snlphide 

type of cubic lattice. 


The mercurous haloids, however, all crystallize in the 
tetragonal system ; and X-rny analysis has shown that the 
arrangement of the atoms of metal and halogen is not a 
simple alternation, as in rock-salt or cmsinm chloride, 


or 


Na Cl Na 01 


01 Na Cl Na 


Os Cl Cs Cl 


Cl Cs Cl Cs 


but an alternation of pairs of atoms as in the scheme, 

Cl -Hg-~Hg- Cl Cl -Hg-Hg- Cl 
Cl Cl ^Hg-Hg- Cl Cl -Hg- 
Since the scheme, 

— + +--f-f — 

-f— — 4- +-4- 

is impossible as a stable arrangement of positive and 
negative ions, Havighurst concludes that *‘The structure of 
these crystals indicates the existence of the chain-molecule 
Cl — Hg—Hg—Cl. The strong double refraction which has 
been observed is to be expected from a crystal having this 
structure ^. The unusual cleavage of tlie compound is 
also in agreement with this structure. 

From this evidence it is clear that mercury can exhibit 
either a covalence of 2 as in calomel, 

ei^Hg-Hg-Cl, 

or a covalence of 1 and a positive electrovalence *of 1 as in 
mercurous nitrate. 



♦ Am. Joarn. Sci. x. p. 15 (10^). 
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or a positive electrovalence of 2 as in mercuric perchlorate, 


0 ^ 


. n ++ 


0\ /O 
>C1< ^ 
0 / 


The way is therefore open for a reversible equilibrium 
between free ions and real molecules, of precisely the same 
type as has been postulated in the case of other weak 
electrolytes, 

Cl-«Hg-01;=tHg + 2CL 

(c) Coordinated Salts. —In the category of weak electro¬ 
lytes we must also include a large number of coordination 
compounds, since it is clear that, as the firmness with which 
a metal is coordinated to the negative radicle is increased, 
its coefficient of ionization must be diminished, or, in other 
words, that its efficiency as an electrolyte must decay pari 
passu with the increase of the efficiency of the coordination. 
Since, however, Sidgwick considers that the act of co¬ 
ordination consists in the formation of a bond by the transfer 
of an electron from one atom to another, these cases can 
obviously be included within the limits of our specification 
of the principal condition for the production of weak 
electrolytes. 

Unfortunately, data in reference to the ionization of com¬ 
pounds of this type are scanty, since most of them, in losing 
their character as strong electrolytes, become insoluble in 
water, and therefore pass right over to the category of non¬ 
electrolytes. Intermediate cases are, however, provided by 
the salts of organic hydroxy-acids. Thus Calaine has shown 
by determinations of freezing-point that, whilst calcium 
lactate is ionized to the extent of 40 per cent, at a concen¬ 
tration of 0*257 3", the copper salt is ionized only to the 
extent of 17 per cent, at 0*271In the same way. 
Tower has reported f that, whilst the molecular conductivities 
of the suednates of Ni, Co, and Mg are very similar at all 
concentrations, the molecular conductivities of the tartrate 
and malate of cobalt and nickel are very much smaller than 
those either of the magnesium salts or of the corresponding 
succinates. A^in, Calame has shown that the coefficient 
of ionization of copper malate is only 4 per cent, in A74*628 
solution, 10 per cent, in A774 solution, and 19 per cent, in 
N/5d2 solution, whereas zinc maUate (where coordination is 

• Zek.p^s. Ckmi. xxviL p. 401 (1898). 

t .Toam. Amm, Ohein* Soc. xxii, p, 601 (1000); xxiv. p, 1012 (1902). 
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proTonted by the elimination of the hydroxyl group) is 
dissociated to the extent of 22 per cent., 44 per cent., and 
69 per cent, in eolations of similar concentrations. All 
these results are in accord with the view that the coordination 
of the ions of a metallic salt tends to convert it into a weak 
electrolyte.*' 

Other examples of weak electrolytes are afforded by the 
so^lled “nen-valent” coordination-complexes. Thus the 
following values are recorded for the conductivities of the 
ammines of platinons nitrite * :— 

Pt(NO,),. 4NH, or [Pt. 4KHJ+ +(NO,),—A,m,*= 276-5 
Pt(NO,),. 3ifH, or [Pt. SNH,. NOJ+ NO,"96-6 
Pt(NO,),.2NHaOr [Pt. 2 irH 3 . 2 NOJ* OOS (cm.) 

2 45^ (trans.). 

It is commonly stated that sabstances such as [Pt.SNHg* 
2 NOt*], [Pt.2NHs.4CI]± and [Coe3NH8.3N02l=t are 
non-electrolytes/^ but this statement is not in harmony 
with a summary o£ the experimental data in which it is said 
that ‘‘the compound is a very poor conductor o£ the electric 
current in aqueous solutions.’^ If this description is correct, 
i. i£ the feeble conductivity which is observed even in 
freshly-prepared solutions of these compounds cannot l>e 
explained away by the hydrolysis of the complex, these 
non-valent ” ammines must he classed with the “ weak 
electrolytes/’ which exhibit a small electrolytic conductivity 
as a result of the reversible ionization of a covalent complex, 
eompare 

Cl-~Hg-Cl;=tHg+2(;U 

(d) Carbonium Salts .—These salts are characterized by 
very wide range of conductivities. Thus Walden f found 
the following values for the equivalent conductivities of a 
series of halogen salts dissolved in liquid sulphur dioxide 
at 0^* 

KI 59-5 

(CgH[j)3CBp A£,q=: 108‘i> ^2ooi~ 

( 0 ,H,>,OOiA,,,= lAO 

(OR,%ci A,,^ <Kr 

The tertiary halides therefore cover the whole of the 
available range of conductivities, some of them being better 
conductors than a typical “strong electrolyte^’ like potassium 
Iodide, whilst others have no conductivity at all* The same 

e Tffcliugaefi aid Wladimiroft, Jaum* Muss* phys* Chem* Ges. Ill* 
p. 135 (19^), 
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^nclmion follows from the observations of Gomberg who 
^ves the following values for the degree of dissociation of 
some carboninm mlis at —8^ and t«lOO, in comparison 
with the value for tetramethjiammoninm bromide, 

(C,H,)^CC1 12 per cent. . 0,H4)3CCi 45 per cent. 

(C^H^ljCBr 61 per cent* (CIi 3 i) 4 NBr 56 per cent* 

In all these carboninm salts the rules of valency permit 
the formation of a covalent bond between the carbon of ihe 
kation and the halogen of the anion^ giving rise to a tme 
molecule instead of an ionic donhlet* Since the carbon- 
halogen bond is nsually too strong to be ionized by mere 
dissolntion in a solvent, most of the compounds of the type 

--^001 3>CBr or ^CI 

are non-conductors; but when the bond is weakened e. g.^ 
by substitution and by replacing chlorine or bromine by 
iodine, so that ionization according to the scheme 

\ \ + - 

becomes possible, the compounds pass into the group of 
weak electrolytes/’ although they do not usnally exhibit 
this property in aqueous solutions ; aud, finally, when the 
formation of a bond is rendered even more diflBcnlt f by the 
introduction of bulky aromatic substituents the salts are 
actually better conductors than many strong electrolytes/’ 

Summary. 

(a) Although most electrolytes are ionized completely, 
even in the solid state, there are many compounds in which 
ionization is incomplete and reversible. 

(e) Compounds of this tyj>e, in 'which neutralization of 
the ionic charges is not prevented by the laws of valencj^ 
behave as weak electrolytes,” unless the bond between the 
radicles is too weak to hinder the ienization of the molecule. 

(d) ** Weak electrolytes” of this class are found amongst 
acids and bases, pseudo-electrolytes, coordinated salts, and a 
few simple metallic salts such as mercuric chloride, where 
oovalent molecules can be formed from the ions. 

Univeimity Chemical laboratory, 

Cambridge. 

* Joum. Amer. Chem. Soc. xliv. p. 1818 (19 ^); xlr. p. 206 (1923), 
t JFliimobMiii, loc, c^. and doom. Chem. xcv. p. 718 (1909). 
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V. Multiple Ionization and the Aheorption of X^Raye, By 
F. K* Richtmtbe, Professor of Pkysks^ Corral link 
varsity^* 

1. A VERY large majority of the lines in the X*ray 
jljL spectra of the eleinente are produceti by transitions 
between ioniased states in which one electron is missing from 
one or the other of the several levels—K, L, M. • . • These 
lines, frequently called diagram lines/^ belong to the 
so-called X-ray spectra of the first kind/* 

As is well known, there are, in addition to these diagram*' 
lineSt numerous faint lines which cannot be explained by 
transitions between the levels which give rise to the spectra 
of the first kind. These faint lines are variously known as : 
(1) satellites,*' since they accompany a prominent line of 
the first kind, usually on the short wave-length side of the 
latter, although satellites on the long wave-length side are 
also known ; (2) non-diagram " lines, since tney cannot 
be represented on the energy-level diagram usually adopted 
for lines of the first kind ; (3) spark** lines, since Wentzel 
proposed a theory of the origin of these lines which invoh^ed 
multiple ionization in the inner electron shells in the same 
wav that the optical spark lines originate in multiple 
ionization, or excitation, in optical levels ; or (4) X-ray 
spectra of the second, third .... kind,** according as the 
excited states giving rise to the lines are due, according to 
WentzeFs theory, to double, triple .... ionization of the 
respective electron shells. 

The intimate relation which is known to exist between the 
X-ray spectra of the first kind and the directly-observed 
absorption discontinuities (K, L.. .), suggest the query : 
Are there in X-ray absorption spectra discontinuities or 
other peculiarities corresponding to these spectra of the 
second, third .... kind ? Before discussing this question 
it is pertinent to review briefly the evidence pro and con 
re^rding WentzeFs theory of the origin of these lines. 

2. In Table I. are given some typical examples of non¬ 
diagram lines, together with the initial and final states 
corresponding to each line according to WentzeFs t scheme 

♦ Commuaicated by the Author. The Author adcnowledges with 
many thanks assistance from the Heckscher Beseareh Fund of Cornell 
University- 

t Ann. der Phye, Ivi. p. 437 (X921). ZsUs. /. Phys. %xxh p. 4^ 
(1925). 
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at maltiple ioni^alton* In WentzePs fcermiiiologj K* staiada 
iat nn atom which has lost both K^alectroiis; KL* for an 
alom which has lost one K-^ and two Ir^lectrons ; etc. The 
lines and form a close doublet, which has been 
mmsured over the range of elements Na(ll) to Zn(30), but 

TabIiE I. 


Some typical Non-diagram Lines and their origin* 


Line. 

■ Origin. 

Kind. 

i 

! 

Befereim* 1 

1 

Initial state. 

Pinal state. 

Satellites of the ICa doublet. (K—> 

L.) 

K«3 

KL 

L* 

Second 

1 


K» 

KL 

Second 

1 


KM 

LM 

Second 

1 


KL* 

L^ 

Third 

1 

K-. 

K*L 

KL* 

Third 

* 1 


Satellite of K3. (K* 

—>M.) 

i 

1 


KL 

LM 

Second 

I 

» 1 

I 

Satellites of LS^. (^ni — | 

L3,' 

L,i|Mv 


Seeond 

f 

2 1 

I 

Uh" 


Min^iv. T 

Second 

9 1 


* Quoted ill Si^baiin^s *Tb<» Specfcromsopy of p. 106, from the 

tneasumiientft of Hjalmer* DolcjeSk, and Dolejsek & Wetfcerblad 

P- 1S>27) ^res the results of some careful measure* 
menis of the waTO^lengths of these lin^ for Ha, Mg. and AU 

* Brufreslej n, Zeits. J. P%s. xiiii. p. 707 (1927). Brujrestejn giv^ also 
m^mureioents of m^llites of Ly^ ana By a, 3 * Same of the data used hj 
Bruyresteyn are from the prenous measurements of Cb^r (Phil. Mag. xiiii. 
p* 1070, 1922), woo also reports satellite of La^* 

the componente of the doublet have not been separated for 
©lemants of higher atomic number than Ca(20). The pair 
K«c and has been measured for onlj four elements 
Na(ll) to Si(14). Druyvesteyn’s measurements of K/9" 
FMl, Mag, S. 7. Vol. 6. No. 34. July 1928. F 
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extend from K(19) to Fe(26) ; and of a»d from 
]6S[d(41) to Sb(5i). For elements heavier than Sb(51) these 
latter lines are not resolved, and are listed by Siegbahn and 
by Coster as /Sn and 

The evidence in favour of Wentzel's scheme of multiple 
ionization as an explanation of the origin of satellites falls 
nnder several heads :— 

(a) According to the theor 3 % the difference in frequency 
(K« 5 -^Kaj) for a given element sbonid equal the difference 
(Kas—Kai) for the same element. Data are available for onl\' 
four elements, Na(ll) to Si(l4), to cheek this predicted 
equalitj^. 

According to the recent measurements of Wetterblad*, 
the frequency' difference Kiatj) is some 8 per cent, 

higher than the difference (Kag—Kag)—which is, perliaps, 
as good a check as conld be expected, considering the 
difliculties of the measurements. 

(b) The frequency difference (K«^—for one element 
should equal the difference (K^s— Kai) for the element of 
next higher atomic number. Wetterblad’s measurements 
confirm this within I or 2 per cent. This is, perhaps, the 
strongest support for Wentzel’s theory. 

(c) Druyvesteyn t show^s that the difference in frequency 
between a satellite and its ‘‘parent'^ line is for a given 
element computable from certain of the energy levels of that 
element and of the element of next higher atomic nuiiilier. 
For example, the frequency difference (K0'--K0)z tor an 
element of atemic number Z should, subject to certain very 
close approximations, be given by 

^ mz - (L^ (L -- U)z, 

where L and M are the frequencies of the L and M levels. 
Druyvesteyn applies this general principle to the satellites 
of k^ 2 , L/ 82 , L 71 , and L 72 , 3 , and obtains experimentel 
verification of the predicted equality, which, again considering 
the difficulties of the wave-length measurements and the 
small wave-length differences involved, is perhaps within 
the limits of error of measurement for the satellite K/ 9 ''' 
(patent line : K^j). The agreement is much less satisfactory 
for the L satellites. 

(d) Wentzel originally assumed that double ionization of 
an atom might be brought about by smcessim collisions with 
two cathode-ray electrons. For example, an atom which 
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bad already lost an electron in a collision might, before 
making a capture to fill the vacant place, collide with 
a second cathode-ray electron and become doubly ionized* 
But it was later shown that the life of the atoms in the 
excited states is so short that the probability of double 
ionization by this iitetbod is far too small to account for the 
observed intensities of the satellites* Accordingly, doubly- 
ionized atoms, if present in the target of an X-ray tube in 
sufficient numbers to produce spark lines as observed, must 
be produced as a result of a single collision with a cathode- 
ray electron which, then, must liave sufficient energy to 
remove both electrons from the atom. Thus, to remove both 
K-electrons from an atom should require a cathode-ray 
electron the energy of which is a little more than twice as 
great as the energy required to remove only one lL-electron» 
In other words, the critical exciting voltage for should 
be a little more than twice as great as that for 
Coster* showed that only one of the satellites of the La 
line of silver, namely L« 3 , w^as produced at an excitation 
voltage of 4700, the other satellites appearing only at a 
voltage in excess of twice the excitation voltage (3350) of 
La—as was to be expected from the theory. 

3. However, the above experimental evidence in favour 
of the double ionization theory is neither so extensive nor 
so exact as to be altogether convincing. Further, there 
is some evidence, both direct and indirect, against the 
theof)' ;— 

(a) Of the direct evidence, the most significant is the 
observation of Biicklin f, who studied the critical excitation 
voltage for the satellites of Ka^ ^ of aluminium, and showed 
that the lines Kas and could be produced at an exciting 
voltage somewhat less than twice the exciting voltage of 
tlie Ka, g lines. Backlin concluded that, on the theory of 
double ionization, the lines should he produced only at 

voltages above 3100; whereas actually Backlin found that 
these lines were produced at 29004:50 volts. Taken at face 
value, this result is at variance with the observations of 
Coster* mentioned in the preceding paragraph, regarding the 
critical excitation voltage of the satellites of L«. But in 
comparing these two observations account must be taken of 
two circumstances: (1) Backlin was W’orking very close to 
the critical voltage, and it is quite possible that his maximum 

♦ Phil, xliT, p. 569 (1922). 

t Zeits.f Phys, xxvii. p. 30 (1^4). 

F2 
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voltages may have been snflBciently tb® estimated 

valnes to exceed the critical value, 3100 volts. Coster s 
Toltaves were not adjusted to as narrow limite m were 
B'ackTin’s. (2) Baeklin found the lines K«t 
orodnced by an exciting voltage some 5 p«r cent. 6«|ow the 
eadmated rmiximum; while Coster showed ^t the u« 
satelUtes were not produced by an exciting Y^toge 30 per 
o&nte beloiN? the ^timated minimuiiiv Perhaps if Ib^e iiintts 
had been narrower the two experiments would hare been in 

**f&r^ghshn and Larson * report tiiat a number of B»e 
satellites If the L« lines of Mo{42> are found at en exciting 
voltege only 30 per cent, above the critical excitation for 
Let ; and that no new satellites apf^r when the voUage pom# 
twice the westing voltage for L*, indicating that, even when 
the energy of a cathode-ray electron is sufficient w remove 
two L-electrons by “a single act,” such dc»nbly-ioraz^ 
atoms, if present in the target, do not contribute to the 
production of the observed satellites. , . « v 

(c) The satellites appear to have certain physiol char- 
acteristicui which differentiate them from the “ diagram 
lines, and which indicate that the method of production 
must he somewhat more complex than that suggested by 
Wenteel’s original scheme. Many writers report that some, 
at least, of the satellites are much broader than the corre¬ 
sponding diagram lines, and probably have a <»*nple» 
s^cture. Thus Coster t reports that the lines LA' and 
LA" for Ag(47), satellites of L/8„ are “ very broad and 
diffuse ; that they are symmetrical at low exciting voltages, 
but that at higher voltages they become “much more 
intense on their long wave-length side,” suggesting that the 
lines are made up of (unresolved) componenU which behave 
differently with increasing voltage. 

4. The well-known relation which exists between the 
absorption of X-rays and the fluorescent spectra of the first 
kind suggests that, if it can bo shown that the spark lines 
can be produced by fluorescence, then one might, perhaps, 
expect that the evidence concerning the spark lines should 
betennd;in X-ray absorption spectra; for example, absorption 
discontinuities, very small, of course, since the spark lines 
are weak, might appear at the wave-lengths corresponding to 
the critical excitation frequencies of the several groups of 

* ' Spectroscopy of X-Ray^’ « « . ,• t /> j 

t PlSr Mag. xliv. p. 689 (1922). Coster calls these liuee sad 

lijSi*. 
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s^rk liaes, just as simitar 4iscoQtinmities are observed in 
oonneidon with the spectm of the first kind. Early attempts 
to produce spark lines by fluorescence were either negative 
or inconclusive. But re<^ntly Coster and Druyvesteyn^ 
have shown that it is possible to produce satellites in the 
X-ray spectrum of 1^6(26) by using the radiation from a 
copper target eaeited by 30,(K)0 volts. However (and, from 
the stendpoint of the absorption of X-rays, this is a matter 
of greatest importance), according to the estimates of Coster 
and Druy vesteyn, the intensity of the satellites was certainly 
not over 2 per cent., and probably less than 1 per cent., of 
the intensity of the fluorescent lines of the first kind. There¬ 
fore, absorption disconlinuities, corresponding to these spark 
lines, if present at all in absorption spectra, are probably 
less than 1 per cent, as large as the discontinuities corre¬ 
sponding to lines of the first kind. It is quite obvious that 
to detect such small discontinuities with certainty would 
require that the measurements of absorption coefficients be 
made with the highest precision—indeed, with a precision 
higher than any which, in the writer’s opinion, have been 
reported np to the present. 

However, it does not necessarily follow that the hypothesis 
of multiple ionization, as an explanation of the origin of 
spark lines, requires that there should be corresponding 
absorption discontinuities in X-ray absorption spectra. In 
order that there should lie such discontinuities it would be 
necessary that the energy, Av, of an incident quantum should, 
by a ** primary act/’ cause the expulsion of two electrons 
either from tne same or from different levels. The pre¬ 
ponderance of evidence, however, seems to be opposed to 
this possibility, and Coster and Druy vesteyn are of opinion 
that double ionization comes about as a secondary process; 
an absorbed quuutom causes the expulsion of a single electron 
(call it the primary photoelectron) from a given level; if this 
primary electron possesses sufficient energy, it may, on its way 
out of the atom, collide with an electron of the same or of 
another level, and cause the expulsion of the latter electron, 
the process resnlting in a doubly-ionized atom. It sheald be 
pointed out, however, that if this latter be the correct 
s^nence of events which produces multiply ionized states, 
no increase in absorption of the primary Xrray beam should be 
obserml at, tmih incrmsmg frequency^ the frequency of the 
primary beam passes the frequency correspomling to the 
energy hr^ necessary for multiple ionizatiom Rather, on 


* Beits^f Fhys^ xh p. 266 (1927). 
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this viaw, the energy for prodncing the spark lines comes 
from the kinetic energy initially given to ih^ primary photo- 
electron^ which, as it loaves the atom after having Knocked 
out another electron, mnst therefore possess less energy 
than it would have had if no secondary process had occurrea, 
by at least the energy necessary to remove the second 
electron. There is no reason to expect that these secondary 
evente in any way modify the absorption probability of the 
primary quantum, Ko discontinuity in the absorption spec¬ 
trum should be observed at a frequency corresponding to the 
energy required for double ioniasation. Rather, as Robinson^ 
points out, evidence concerning spark lines is to be expected 
in the magnetic spectrum of the pbotoelectrons ejected by a 
monochromatic beam of incident X-rays, 

5, In this connexion mention may he made of a recent impor¬ 
tant paper by Alexander f which touches on the subject of 
multiple ionization. Alexander concludes, from a careful 
study of certain data on the variation of (X-ray) mass 

absorption coefficients ^ ^ function of wave-length, that 

at a wave-length Xk\ approximately , where Xk the 

wave-length of the K absorption discontinuity, the coefficient 
k in the well-known empirical equation 

P P 

undergoes a sudden change, the value of A- for X<Xk' being 
some 30 per cent, greater than the value of k for X>Xk:. 
Alexander interprets this break in the absorption curve, 
shown diagramatically by the full line in fig, 1, as marking 
the frequency at which the energy of the quantum hr 
becomes just sufficient ‘^to remove both K-electrons as a 
single act. At this point twice as many electrons should be 
produced, although their speed at the periphery of the atom 
is ,,., zero.^^ % 

This empirical description of the relation between ^ and 

X*, as shown graphically in fig, 1, is perhaps Justified by the 
experimental date. It has been long known that the 

♦ Phil, Mag. iv. p. 763 (1927), 
f dt. iv. p. o70 (19^). 

I Aiexaad^, lac. dt. p, 679. 
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law of absorption gives only a close approximation to the 
experimental facts, and that if the equation 

p p. 

be established empirically for frequencies considerably in 

excess of the K limit, the values of — determined by extra- 

P 

polation toward the K limit are higher than the observed 
values. The present writer pointed this out some years 
ago and indeed, in the graph of the data on the absorption 


Fig. 1. 



of inolybdennni as a function of X’ (see fig. 6 of article 
cited), two straight lines, slightly inclined to each other, 
ware drawn t* J'urther, in connexion with a precision 
study of the X® law in the neighbourhood of the K limit J, 


the writer has observed that, although the graph of — as a 


function of >} on the short wave-length side of, but near to, 
the K limit is rigorously a straight line with no suggestion 
of deviation therefrom as the limit is approached, the slope 


• Phys. Kev. xviii. p. 13 (1921). See p. ^ of article cited, 
t These data on moljbdeoum are induded by Alexander in his dis* 
ctwloa above cited. 

$ Phys. Bev. xxvii, p. 794 (19^), 
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of this line is somewhat less than that of the similar straight 
line observed at much shorter wave-lengths. This iM:>int is 
brought out by the writer^s data on Sti(50) from which 
two slopes k* and k (in the above terminology) are 
respectively 755 and 592, in substantial agreement with 
Alexander’s values (data by Allen) of 750 and 583. 

In any event the observational data do not seem to preclude 

the possibility that there may be a break ^^in the— —X® curve 

as suggested by Alexander, althongh the deviations from the 
law may be represented empirically in dififereiit ways. 
For example, Allen t concludes, from a study of observed 
data on absorption coefficients of several substances over a 
wide range of wave-lengths, that absorption-coefficients as a 
function of X can be giv^en by a formula {deri\ed on 
theoretical grounds bj l\^ntzel) of the type 

^ = k{K^ + + ?. 

P P 

Previously Allen was of the opinion that the empirical 
relation was 

p p 

These various empirical formulae illustrate the fact that more 
precise experimental data on absorption-coefficients are 
needed to es^blisb, unambiguously, the exact empirical law 
of X-ray absorption. (S«e, for example, section 7, p. 84.) 

However, granted for the moment that the data on X-ray 
absorption are such as to warrant the conclusion that a 

break in the curve occurs at Xk' as suggested by 

Alexander, the interpretation of this break as indicating the 
beginning of double ionization of the K shell seems by no 
means justified by the present experimental facts. There 
are several very weighty arguments against such an inter¬ 
pretation :— 

(a) If the wave-length Xk' of the break,’^ corresponding 
to frequency represents the beginning of double ioni¬ 
zation of the K shell as a result of the photoelectric expulsion 
of both K-electrons by the absorption of the single quantum 
or greater, then the energy hvjs! must be at least a little 
greater than tmm the energy required to remove a single 


♦ Nftticmal Academy of Sciences, Washington Meeting, April 1997. 
Phys. Rev. Dec. 1927. 
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K'dlectron, since, because of the effective increase in nuclear 
charge, the energy reqniro<l tc remove the second! electron 
should be a little greater than the energy required for the 
removal of the first. Bov^ever, of the thirteen values of vk 
determined by Alexander, only four occur at freguen^e more 
than twice the frequency of the K limits as is shown in 
Table II., in which columns 1 and 2 are taken from 
Alexander’s paper, column 3 from Siegbahn’s ‘ Swctri^py 
of X-Bays,’ and column 4 is the ratio of column 2 to 
colnmn 3. Alexander’s interpretation would require, 
in the case of Ag(47) for exampk, that the ener^ 
required to remove the second K-electron should be omy 
75 per cent, as great as that required to remove the 
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first K-electron—a conclusion quite at variance with our 
fundamental concepts of multiple ionization. . . , 

On the basis of Wentzel’s theory of the origin of 
spark lines, it is possible to compute Ae energy required 
for double ionization of the K shell, by the method used 
by Turner*, for the elements Na(ll) to Zu(30), and by 
an extrapolation (of course only approximately 3 ustihable) as 

far as Sn{50). Turner showed that the energy K| (in 


Z- 


units) necessary to remove Iwth K-electrons from an atom 
of atomic number Z is given, to a very close approximation, 
by the expression 

K|= Kz + Ltz+i) + (*4)2* • * • * ' ^' 


e Phya Rev. xivi. p. 143 (1026). Turner’s 
tiie only data then avaihkble, are for the elements Na(ll) to S(16). 
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where Kz is the value of 15 for the K limit of the atom in 

question, (^a^)z is the value of g of the satellite K« 4 , and 

L( 2 +i> is the value of g for the L limit of an atom of atomic 

number (Z^fl). Siegbahn^ gives the measurements of 
Hjalmer, of Dolejsek, and of Dolejsek and Siegbaliu for the 
wave-lengths of the spark lines Ka^ and Ka 4 from Na(ll) to 
Zn(30), (These lines are not separated for elements of 
higher atomic miinber than Cu(^20).) The \va%"e4engths of 
these are given in columns 2 and 3 of Table IIL For 
purposes of computation and extrapolation we may write 
equation ( 1 ) in the form (by adding and subtracting K«j) 

K|s=2K2-f (Lii^(2-m)—L n,z) Hh (K«4—Ka$) 2 :, • (2) 
^ in which, for reasons which will appear presently, we identify 
the L limit of equation (I) with Ln, The sum of the two 
brackets on the right represents the amount by wliich the 
energy required for the double ionization of the K shell is in 
excess of that required for single ionization. Both brackets 
are alwajrs positive. A %"ery interesting, and perhaps sugges-^ 
tive, relation may be shown to exist between the satellites 
Kag 4 and the diagram line K« 2 . If the square root of the 
difference in frequency between Ka 4 and Kaji be plott(*d as a 
function of atomic number, the upper straight line shown in 
fig. 2 results. A similar plot for the difference (Kas —Kaj) 
gives the lower straight line. Since the satellites K«g and 
Ka 4 are not separated for elements above C >a( 20 ), the observed 
wave-lengths for elements of atomic number greater than 20 
are therefore the centre of gravity of the two lines, and are seen 
to fall between the two straight lines extended. These two 
differences, (ICa 4 —Kog) and (K%—Koj), have the character¬ 
istic of a screening doublet, with a difference in screening 
constant of (almost) unity. From this graph one finds that 


over the range Na(ll) to Cu(29) the difference in 
between K «4 and is given empirically by 


(4^) =49xl0-*(Z + 0*4)*.. . . (3) 

An extension of equation (3) as far as Sn(50) is approxi- 
mately jnstified. The values of computed from this 


equation are given under “ B ’* in column 10 of Table III. 


• ‘Spectroscopy of X>Bsjb/ p. 106. 



Ta.bls hi.—C omputation of the Energy reqiiireil for Double Ionization of the K4evel. 
Data from Siegbahn’s ‘Spectroscopy of X-llavf*,’ except whore indicated. 
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WetUrblftd, Zdtt.f. Phy>. xlii. p. 611 (1927). * Thoncug, riiil, Mag. ii. p. 1107 (1826). » Estimated by Turner {toe. eit.). 
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The Talne of K* is then readily computed by use of equation 

K* 

(2). Cblnmn 12 of Table III. shows the ratio which is 

seen to decrease very slowly with increasing atomic number, 
but of course remains in excess of 2’000. In fig. 3 is shown 

Fig. 2. 



as determined by Alexander. It is quite apparent that, to 
far at existing data go, one is not justified in concluding 
that there is any obvious relation l^tween Alexander's vs.' 
break and the doable ionization of the K level. 

(b) As pointed out above, the intensity of the spark lines 
is so weak t^t, granted Wentzel’s theory, one would not 
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to find a ehimga at shape in the ^ enrve as great 

as timt re|N)rted by Alexander. Farther, if X^^ marks the 
beginning of doable ionization, one should find a 
or discontinuity in the curre similar to the K, Li, ha^ • • * • 
discontinuities, instead of simply a bend *. But Alexander's 
cnrres show no such ** Jump.^* 


Fig.S. 



ATOMIC NUMBER. 


♦ Alexander’s sa^estton that, b^inmiig with the waTe-length XkV 
<*bprth K-electrons are remored hy a mngle act” and that ^Hwiceas 
mmj electrons are produced” implies that, beyond this cnticai wave* 
kngth, all K absorption results in double ioniaation of the K shell and 
toat no single iomxation o«j«rs. Were this the case, and were the 
values of Xk' thi^ ^ven by Alexander, the fluores^nt K series lines 
produced hy ab^sotp&n of radiafiou of wave4ength X<Xk should be 
^ite different from tho^ wave-lengths when produced hy radiation 
A>Xx’. In other words, the fluorescent spectm of the flmt IdnA when 
p^>duced by absorpdon of radiation extending on both sides of Kk, as, 
for example, in toe exp^imente of Coster and Bruyvesteyn (loe. ciT.) 
toould he double. No such duplicity in fluorescent sp^tra has been 
reported. 
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(c) "WentzeFs theory attributes the line to the traa* 

sition One should expect, therefore, a break in 

the ^ curve at the frequency corresponding to siraul- 

Mucous ioniisation of the K and the L shells* This ** break ’’ 
should occur for an element of atomic number Z at a 
frequency given to a close approximation, by 

hvKh^hi^ 4- 

The writer’s data on Sn(50) * show that no such break is 
observed in the predicted region* 

(d) As pointed out above (Sect. 4), the existing data 
seem to indicate that double ionization occurs as a secondary 
process, rather than as a primary act in which two electrons 
are simultaneously expelled by the absorption of a single 
quantum. We should not therefore expect to find in the 
X-ray absorption spectra evidence concerning the processes 
which give rise to the (fluorescent) spark spectra. 

In short, the conclusion seems justified that the break 
represented in fig, 1, if reaf must be explained on some 
other grounds than multiple ionization. 

6 . The two straight lines in fig. 2 resemble a Moseley 
diagram, and perhaps warrant a few brief suggestions, 
admittedly highly speculative, concerning a j>ossible alterna¬ 
tive theory of the origin of X-ray satellites. The lines Ka 4 
and Ka^ are usually considered satellites of K«i. But if the 
square root of the difference in frequency between either of 
these lines and Kai be plotted against atomic number, one 
does not obtain a straight line. The straight lines of fig. 2 
suggest the possibility that Ka 4 and Kas are satellites of Ka^ 
instead of Kaj. One inquires whether satellites of other 
lines, when plotted as in fig. 2, yield similar straight lines. 
Unfortunately, data bearing on this question are exceedingly 
limited, partly because measurements of many of the satellites 
have been made for only a few elements, and partly tiecause 
the diffuse nature of some of the satellites and their closeness 
to the parent line make it difficult to obtain wave-length 
measurements with high precision—a matter of considerable 
importance in consideration of the fact that the differences 
in frequency between satellites and the “ parent lines are, 
in general, only a fraction of 1 per cent. In Table IV. are 
given the square roots of the frequency differences between 
some of the more prominent satellites and the respective 
parent lines. A Moseley plot of these data is shown in figs. 2 

• Zoe. eU<, PlijB. Hev., Dec. 1927. 
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aad 4. Fig. 4 coniains data on eiffht satellites: three of 
L«i, two of Ly 8 u two of LySj, and one of I 17 J, The points 
seem to fall into five groups, tbrongh which parallel* 
straight lines. A, B, C, D, and E, have been drawn. 
Although there is oonsiderable scattering, the points seem 
to fit these straight lines reasonably well. Further, in 
several cases, points from different satellites fall upon, or 
near, the same line. For example, from atomic number 45 

Fig. 4, 



to 51, the difference (JL»i —Laj) coincides very nearly with 
LySi). The difference (LyS*"—Ly 8 g) is almost the 
same as (Lyi'—Lyi). 

One is now tempted to suggest the hypothesis that these 
satellites are produced by tvoo-electron transfers, similar to 
the primed lines (terms) in optical spectra. Or, for example, 
that the line Kae^ is the result of the ^muUaneous jump of 

* Perh^ the dotted lines at J> tmd E are better 



Table IV. 

V 

Square Root oE Frequency Difference between Satellites and the respective “ Parent ” Lines, in g unite. 
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one elootron from the Ita level to a vamincy in the K shell, 
mad of another el«:tron from an optical level into a vacancy 
in the M shell, both transfer* coopercUing to emit a single 
quantum. The &ct that the graphs of hgs. 2 and 4 are, at 
least approximately, similar to the Moseley diagram for 
X-ray lines is itself strongly snggestivn of the possibility 
the graphs represent X-ray lines (perhaps semi-optical 
lines) such as might be produced by stnpi^lectron transfers. 

If so, we might picture liie production of K«* as follows :— 
An atom becomes, by one of several possible processes, 
doubly ionized; t. e., it lacks one K-electron and one 
M-electron. First, let us say, the vacant M shell is filled by 
ms. electron dropping from an optical orbit for which transfer 
the atom behaves (since it lacks a K-electron) very nearly 
like an atom of the next higher atomic number; and an 
amount of energy, call it (M-—0)<z+j), is released. The 
transfer Ln to K then occurs and energy ^K—Lii)z is 
released, which gives the first-order line Kaj. If these two 
events occur simultaneously, a single quantum, corresponding 
to Ke%, might be emitted, and we should have 

K« 4 =(K—Lii)z-+-(M—0)(Z+i) 

or K«tj—Kas=(M— 

It might, perhaps, be expected that a Moseley plot of the 
“line” (M—0)(2+i) would yield (approximately) a Moseley 
graph. 

In support of this hypothesis one may introduce the 
following evidence:— 

(a) The lines of figs. 2 and 4, particularly of fig. 2, are 
Moseley graphs. 

(b) The order of magnitude of the quantity (Ka*—K«s)z 
is what one might expect for the quantity (M—0){z+i)- 
Unfortunately, only a qualitative check of* this predicted 
equality is possible. Taking Na(ll), for example, we 
do not know what optical frequencies would be emitted 
by an atom which has lost a K-electron. But the work 
required to remove the valence electron from such a 
X-ionized Na atom should be of the order of magnitude of, 
or a little greater than, the work to remove the second 
valence electron from a Mg(12) atom. The latter is *, in 

terms of 1'105. The term (M—0)<z+i) should be some¬ 
what smaller than this. Actually (K« 4 —K«t) for Na is 

* aa4 Gdtze, ‘S^n Oeaetze der IdineU %eli%rea.* Braliu, 

l^iS. 
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0*64* Qaing to tbe other end o£ the series of elements for 
which we have da^ on K« 4 , immeiy Ca{29), we should 
eaprot dmt (Ka 4 «^K%) ehonld be somewhat smaller than 
the energy of the M leTels of Cn* Siegbahn gires for 

Mixr^ir Cii|5'fg. From Table IL one ol^erres that 
{Ka^—Ka*) for On is 4*05^. Farther, the order of magni¬ 
tude of the correspontling differences for the L satellites is 
the same as that of the energy of the outermost electron 
levels of the respective atoms. 

(<?) On this hypothesis we should expect that there m^ht 
be several different seini-optical transfers of the O) ’’ 

type which could co-operate with a given parent line in 
producing tbe observed satellite, wliich, then, should have a 
^‘fine structure/^ As previously mentioned, many of the 
satellites are broader and more diffuse than the diagram 
lines. 

Opposed to this hypothesis of two-electron transfers as an 
explanation of satellites are tbe following arguments :— 

(1) Wetterblad's ^ recent measurements confirm with 
reasonable precision the equality of the differences (Kat^ 
-^Ka^)z and (K« 3 —K<stihz 4 >i), predicted by WentzePs theory 
of multiple ionization. This confirmation, however, has 
l>een made only for the four elements Nafll) to Si(14), and 
only for the satellites of 

(2) Druyvesteyn^s t computation of the frequency of the 

satellite from that of the parent line K/S^, for the 

elements K(19)and Fe(26)on the basis of Wentzel’s theory 
agrees within experimental error with observations. 

(3) Coster^s measurements seem to indicate that the 
critical excitation potentials for satellites are considerably 
higher than would be expected if they were produced by 
the two-eiectron transfers herein suggested. On the contrary, 
Backlin^s measurements t appear to invalidate the measure¬ 
ments of Wetterblad referred to in (1) above, since the 
latter, on the one hand, confirm Wentzel^s postulate that the 
line K «4 arises from double ionization of the K shell, while 
the former, on the other hand, show that K «4 is produced 
under conditions where double ionization seems impossible. 

In short, the only categorical statement concerning X-ray 
satellites which at present seems entirely justified is that the 
theory of their origin is as yet an unsolved problem I 

e Z&e, eit* 

* Loe, int* 
t 

G2 
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7 In makinjE meaBorements of X-ray absorption-cc^ 

discontinnities aa might f.f to be 

asi±^Ki?"#ls= 

bv the fact that the slit system used in the X-ray 8p«t^ 
SLter is of finite width. With sufficiently narrow slits the 
•rror is neidifiible. But with slit-widths as ^eat as ha\e 
wJT ^d m some of the measurements of absorptaon^so- 
efficients reported in the literature 

rr%rXjrni*tnTe™lit-widlh,the material 
gation^L wave-length at which the 

voltaffe applied to the X-rar tube. By maKJng 
certain justifiable simplifications, one can compute the order 
of magnitude of the error in any particular case. 


Fijr. 5. 



In fig. 5, let Si and S. be the two slits of the X-ray 
«n««trometer • TT the target of the X-ray tube ; and CC the 
cmtol. Let the slit-widths be equal and he represented by 
aiL and hyh*. Let the X-ray “brightness of the tar^t 
be^uniform, and assume that we have a perfect crystal. 
Then X-rays will be incident onto the crystal at all angles 
from that Corresponding to the incident 
flected wave length to that corresponding 

wave-length X*. Let the angle t 01005.= Aff. Iben the 

wave-len|th range, Xi-Xs* ™ 

X-rays reflected from the crystal, is, from Bragg s equation, 

^X=2dco8 5oA^> 

where d is the grating space of the crystal and 0^ is the 

. The elitswidtha are growly exaggerated in the figure in comparisou 
with the distawse between dits. 
f In «iy actual case very email. 
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angle which the axis o£ the slit system makes with the 
crystal. The X-ray energy corresponding to a wave-length 
X within this range £s^\ and entering the ionissation chamber 
after reflexion from the crystal, is limited by the edges of the 
slit system and varies from xero at to a maximum at 
angle 9f^ and back to zero at X^. For example, the intensity 
of radiation of wave-length X*, corresponding to the incident 
direction p^px is determined, as is readily seen from the 
figure, by tne distance W between the parallel lines p^x 
and p^p^I 


Fig. 6. 



If we assume that the X-ray spectral energy distribution 
from the target is constant over the range Xi—X^, then it 
follows, since in any actual case the angle «ioa 2 is very 
small, that the energy distribution reflected from tiie crystal 
into the ionization chamber is given, in this ideal case, by 
the triangle ACE of fig. 6. If, now, there be inserted in the 
path of the beam an absorber which transmits, at each 
wave-length between Xi and Xj, exactly 50 per cent, of this 
incident radiation, the energy distribution of the reflected 
radiation will be given by the triangle AO^E, each ordinate 
of which is exactly half of the corresponding ordinate of 
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ACE. The ratio I/To (ratio of transmitted to incident 
radiation in the equation will be given by 

I area A(yB 00* _ 1 
lo “ area AUB “* OU 2‘ 

It is obTiotts that the finite width of the slit has in this ease 
introdnoed no error in the observed ratio I/I^* If, however, 
(I) the spectral energy distribution in the incident radiation 
is not nniform, and (2) the absorber, becanse of variation of 
absorption-coefficient with wave-length, transmits different 
ainonnts at each wave-length, the result is somewhat different* 
To take a concrete case:—Certain measurements of 
absorption-coefficients have been reported in which the slit- 
widths were such that the angle ajoaii of fig. 5 was about 
30 minutes of arc. Let us consider the error introduced in 
measuring the absorption-coefficient of copper at a wave¬ 
length 0*3 A., when the spectral energy distribution in this 
region is that corresponding to the continuous spectrum 
excited by some 50,000 volts. In this case the spectral range 
Xj to X, of fig. 5 corresponds to, roughly, 0*06 A. (calotte 
crystal). The spectral energy distribution over this range is 
represented by the line * eie^ of fig. 6, the ordinate atXo being 
arbitrarily taken as unity. Let the copper absorber be 
chosen of such thickness that at X=0‘3A. it transmits 
0*50 of the incident energy. Then, assuming the approxi¬ 
mate linear relation between X* and the mass absorption- 
coefficient in this region, the ratio lo/I of the incident 
to the transmitted radiation at each wave-length X in the 
region 0'27<[X<0*33 is given by the line tVt of fig. 6. 
Multiplying each ordinate of the triangle ACE by tlie 
corresponding ordinate of the spectral energy distribution 
curve of the incident radiation (ete^) gives ABODE, 
which is the spectral energy distribution of the radiation 
m reflected into the ionization chamber. Dividing 
the ordinates of this latter cnrve by the ratio at each 
wave-length gives AB'C'D'E, which is the energy distri¬ 
bution in the radiation I (t. the radiation entering 
the ionization chamber after passing through the absorber). 
The observe ratio 1/1q is given by 

I area AB^C^D^E 
I 0 ^ area ABCIE®^ * 

* A linear rekffoa Is wonted for the energy distriimfloii l^tween ki 
ini inntnlidfy in i^mpotatiioo. final result is not ma^riidly 
by this wompflon. 
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■ This ratio is not quite equal to the ratio O0'/0C=0’500, 
which is the ratio to be expected i£ an infinitely narrow slit 
system were used. By measuring the two areas, and 
observing how much the observed ratio I/Io differs from 
O’SOO, one can obtain the error in the resulting ralne ot the 
mass absorption-coefficient. 

As an innstratiou of order of magniinde, there are given 
in Table V. the errors, computed as above, for copper of 
three thicknesses such as to transmit, respectively, 1/10, 1/2, 
and 4/5 of the incident beam, and for spectral energy distri- 
bations corresponding roughly to 50,000 and to 60,000 volts. 

Table V. 

JBrrors, in per cent,, in measuring mass absorption-coeflScients 
of copper at XssO'S A. with a slit S 5 stem 0*06 A. wide, at 
two voltages. A positive error means that the observed 
valne is too large. 


, afc A. 

JError in 

f 

l>er ceni. 

V=60.000. 

V = 50,{HKt7 ' 

O'lfXI 


-fl*7 

i 0*500 

00 

1*S 

O’sm 

-1-0*4 



Of coarse, the values are only approximate because of the 
simplifying assumptions which have been made. For 
elements of higher atomic number than copper the erpr 
becomes greater (so long as X5=0‘3 is in the K-absorption 
region). The error becomes greater at shorter wave-lengths 
and vice versa. The error becomes rapidly smaller the 
smaller the si it-width (rather, the smaller the ratio aV^}* 
While these errors are not large, they must be taken into 
account when attempting to measure absorption-coefficients 
with a precision of the order of 1/10 per cent. Either a 
correction for the finite width of the slit must be made, or 
one must use a slit system sufficiently narrow so that the 
error is less than the desired precision. This latter is made 
somewhat difficult by the fact that the energy transmitted by 
a slit system of the type shown in fig. 5 decreases as the 
square of the slit-width. 
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Summary* 

1. The question has been raised : Are there in X-ray 
absorption spectra discontinuities corresponding to the 
so-called spark"" lines analogous to the K, Ij, K . * • * dis¬ 
continuities corresponding to the diagram lines? The 
present evidence seems to indicate that the processes which 
give rise to the spark lines are secondary processes, and we 
should not therefore expect to find evidence concerning 
their origin in absorption spectra. But iu any event the 
spark lines are so weak compared with the diagram lines that 
existing data on X-ray absorption*coefficients are not 
sufficiently precise to detect such discontinuities as might 
occur, 

2. It is shown that a straight line (Moselej" graph) results 
when one plots the square root of the difference in frequency 
between a spark line and its “ parent ’’ line as a function of 
atomic number. This suggests the possibility that spark 
lines may originate in two-eiectron transfers. 

3. In making precise measurements of X-ray absorption* 
coeflBcients, it is necessary to use slits sufficiently narrow to 
eliminate the “ slit-width error. The magnitude of this 
error is computed for one special case, and it is shown that 
with slit-widths as wide as some which have been used, 
errors as large as several per cent, ma)' occur in the 
neighbourhood of 0*3 A, 

Gottingen, 

January 14,1928, 


VI. Palarizaiion of Infra-^ed Radiation % Cakite, ISy 
A* M. Taylor, if.A., Ph,D,^ Ramsay Memorial Research 
Fellow 

Introduction. 

I N a recent communication it was shown by examination 
between wave-lengths 8/i and 14 ft that interference 
effects are to be observed in the absorption spectrum of a 
thin slice of calcite, and it was further suggested that 
a great many absorption bands which were found by 
Schaefer, Bormuth, and Matossi in their work on various 
carbonates, and which they attributed to combination 
tones ” formed from the several fundamental frequencies of 
vibration, were spurious and in reality owed their origin to 

^ Oouumm^ted by Dr. £. K. Bideal* 
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mterfereace within the crystal film* That these bands are 
not^ however, ail due to such a cause is shown by the fact 
that, while the wave-lengths of successive maxima or 
minima when substituted in an interference formula 
(1/X|—l/Xf) = l/2nc^, where z is the thickness of the crystal 
film, give a series of values for n, the refractive index of 
the materia], which indicate the general course of the X, n 
curve, the experimental points He very raggedly about the 
mean, having divergencies considerably greater than would 
be expected solely from error in observation* This must 
imply that the bands found are doe to the superposition of 
interference fringes upon a real variation in intensity caused 
by selective absorption at particular wave-lengths. It may 
be remarked that the greatest raggedness occurs about 
X = 11*3 where there is known to be an intense absorption 
band for waves having any component of their electric 
vector along the axis of the crystal, and it is reasonable to 
suppose that other gross divergencies from the mean line are 
similarly due to the presence of real absorption. 

Accordingly some method was sought by which the true 
absorption could be differentiated from interference effects. 
The immediately obvious one of using thicker slices of the 
absorbing material, thereby causing the interference bauds 
to become finer and less pronounced and the absorption 
bands to be intensified, did not appear practicable owing to the 
fact that general absorption usually masked the whole when 
thicker slices were employed, the more particularly because 
in the most debatable region from 8 /a to 14 ft the spectral 
energy is very weak. In the following pages is described 
a method, ba^ed on polarization of the infra-red radiation 
by the absorbing crystal itself, by which the desired analysis 
has been effected. 


Methods 

The three fundamental frequencies of vibration in car¬ 
bonates, which are active in absorbing radiation (i. e, which 
involve a periodic variation of the electric moment of the 
COj group), lie at wave-lengths of about 7ft, lift, and 
14ft^^^, and are polarized with the electric vector of the first 
and last perpendicular to, that of the other parallel to, the 
the optic axis. If, therefore, a thin slice of crystal be cut 
y>arallel to the optic axis, radiation of wave-length approxi- 
Boating to any or these fundamentals will, on transmission 
normally to the slice, suffer partial absorption, and 
transmitted beam will be more or less polarized with 
the electric vector at right angles to that of the particular 
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vibration concamed in the absorption. Clearly, i£ ssoh 
radiation be now allowed to fall npon a second crystal 
similarly cnt, tbe final intensity of the transmitted beam 
will depend npon the angle $ at which the optic axis of the 
second crystal is disposed relatively to that of the first, being 
a maximum when tbe axes are fmrallel and a minimum 
when they are perpendicular. In short, the two crystals 
will behave in the infra-red region at the appropriate wave- 
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lengths, just as two crystals of tourmaline do in the visible, 
tbe first acting as a polarizer, tbe second as an analyser. 

To test this the author examined tbe behaviour of two 
pieces of calcite 0*1 mm. and 0*05 mm. thick respectively, 
winch were cat {mrallel to the optic axis. Observed undm* 
crossed nicols in sodium light the orientation of the 
crystals appeared to be perfectly aconrate, so far as conld 
be indeed by eye from the character of the interference 
brashes. 
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The crystols were mounted in brass holders, and one was 
arranged so as to rotate^ with great precision some 1 mm. 
or so in front of the second crystal, of which the setting was 
fiaed. Both crystals were then mounted in the sliding 
crystal holder of a spectrometric apparatus already de¬ 
scribed in previous papers and the ratio of the intensity 
If of the transmitted l^am to that of the incident beam, 
was measured for difiEerent values of 0^ using only radiation 
of one particular wave-length. It should he mentioned that 
each crystal was provided with a circular stop to limit the 
width of the beam, and the stop of the fixed crystal was 
smaller than that of the rotating crystal, both stops, however, 
being carefully centred about the axis of rotation. This 
axis was normal to both crystal slices, and coincided with 



the central ray of the cone of radiation passing through 
them. The slices were ground accurately plane-parallel, 
and therefore, with the above precautions, any observed 
variation with 0 of the intensity of the transmitted beam 
must of necessity be ascribed to polarization effects. 

The experimental values of the ratio I//I 0 for three 
different values of X, each in the neighbourhood of an 
absorption band, are plotted in figs. 1 to 3, against 
the reading of tlie pointer on the divided circle bearing the 
rotating crystal. Tiie angle which I#To becomes a 

maximum, is the same in each case, and I#/!© goes through 
a complete cycle in 180® of arc. If If/Io be plotted against 
coM^(p^0^) a straight line is obtained (figs, la to 3a), 

♦ For tiie loan of a suitably divided drcl© 1 am indebted to Br. W# 
A. Wooster of the Mineralogical Department here. 
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iadioating the character of the relation which exists between 
If and 0^ where 0 =: (j3-^/3m)* As will be shown, this 
relationship is demanded by theory, and is a proof that the 
effect is due to polarization of the radiation by the crystals, 
and, mormvor, it will be seen that the effect may be nsed 
for obtaining a solution of the problem in hand. 

Consider the passage of a beam of monochromatic 
radiation of incident intensity 2Io throngh the crystels 
along the axis of rotation of the movable specimen. 
The beam is supposed to be unpolarized, and the direction 
of the electric vector is therefore a random one. There 
must then be an even distribution of the components of the 
electric vectors resolved parallel and perpendicular to 
the optic axis of the first crystal, so that the intensities 
of the radiation polarized in these two directions must be 
equal, and given by The absorption and reflexion 
coeflicients of the crystal for these two portions of the 
incident beam are not, however, the same ; they may be 
written as ai and R| parallel to, and % and Ii 2 perpendicular 
to, the optic axis. Treating each part separately, and taking 
into account only the first two terms of the series of 
multiply reflected beams which are produced, and which 
can reinforce or interfere with each other, the intensity I 
of each part after transmission is, following the method of 
a previous paper given by an expression 

I =s Ij+12-^2 cos 

where is the direct and Ig the intensity of the twice 
reflected beam, and is the angle of the phase difference 
between them. As before 

Ig = 

where z is the thickness of the crystal slice, whence 

which, as R is dependent upon « and upon n the refractive 
index, which is itself an implicit function of a, may for 
brevity be written also being a function of n), 

I s= lo. F(ai, z) parallel to the optic axis, 

and 


I =: lo * F (og, z) perpendicular to the optic axis. 
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Now consider these two portions o£ the transmitted beam, 
when incident upon the second crystol, o£ which the optic 
axis is inclined at an angle 6 to that of the first. As there 
is a random distribution of phase between the two portions 
of the beam transmitted through the first crystal, the equi¬ 
valent intensities of the components obhiined by resolving 
the electric vectors parallel to and perpendicular to the 
optic axis of the second, may be expressed by squaring and 
adding the amplitudes resolved in the appropriate directions, 
so that 


I = lo. F(«i, «i) cos* lo. F(a,, zi) sin *0 

parallel to the optic axis, 

and 

ss: lo. F(<*i, Z|)sin*^ + Io. F(a 2 , zi)cos^0 

perpendicular to the axis. 

After transiuissicn through the second crystal these parts 
have intensities given by I,.F(ati, and Iy,F(«s, -j) 
respectively, and since the random distribution of phase 
is still preserved the total intensit)* of the transmitted beam 
of radiation is given by 

1/ == Io[i(«i» *i).F(«i, ^i)*F(«s, Ss)}cos*^ 

+ {F(«a, Zi) . F(«i, ij) + F (aj, ) . F(«s, 2 j) 1 sin* . 
If «i = a, this reduces to 

I, = 2ro.F(«, 

so that the intensity is therefore independent of 0. 

If, however, this becomes, on making the sub¬ 

stitution sin* 0 — 1— cos* 0, 

I, = 2Io(A + Bcos*0), 

where A and B are functions of the a's and z’s. That is to 
say, the intensity varies as cos*^, which is, in fact, the 
relation that was found experimentally (cf. figs, 1 a-3a), and 
this is a definite proof that the effect observed is indeed 
due to partial polarization of the radiation on transmission 
through a plate of calcite cut parallel to the optic axis. 
Having verified this, the expression for I< may be used 
to discover the presence of true absorption as distinct 
from decrease in intensity due to interference fringes. 
The importance of the expression is that it gives a value 
for I<, which is independent of 0 so long as = « 2 , but if 
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this coudition bo not Colfilled, It passes throngh inaxi> 
mom and minimum values as 6 varies from 0 to 2. The 
expression is oambroos, and must be simplified by neglecting 
the terms dne to multiply reflected beams. F(a, x) is then 
replaced by the approximation e-**, and if tiie fnrtiier 
Amplification be made that the two crystals are of equal 
thickness, so that as 2 }, 

The maximum value of It occurs when as 0, the minimum 
when $ as w/2, so that 

It(max.)/It(min.) — 
or 

It(max.)/It(min.) as .., 


Fig. 4. 





This ratio is a maximum when (*i —«,) is either a maximum 
or a minimum, and is unity so long as as If experi¬ 
mental carves be constructed to snow the variation of this 
ratio for different wave-lengths throughout the spectrum, 
they will indicate clearly the absorption bands by maxima 
of It(max.)/lt(min.), and by this means true absorption may 
be differentiated from the spurions variation in the intensity 
of the transmitted beam produced by interference within 
each crystal slice. 

UAng the two pieces of calcite already examined, snob 
^ cnrve was obtained experimentally, and it shows the three 
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fnndamaiitals at 7/i^ 11/i, and together with some 

other bands (fig, 4)* In order to try to amplify the eflEect 
at the less pronounced maxima, two thicker pieces of calcite 
0*65 mm. thick were ground and polished ^ and the curve 
re*detertiiined by their aid* At wave-lengths greater than 
6/a tibis was not possible, however, as the opacity of the 
material became too great to allow of making accurate 
m^surements of the transmitted intensity* 

On comparison of fig* 4, with the results ^ven by 
Schaefer, Bormuth, and Matossi^*^ for the Imnds found in 
the absorption spectrum of calcite, it will be seen that a 
number of lines which they attributed to combinariou tones, 
but which Taylor and mdeai^^^ showed were reallj' due 
to interference, are eliminated, and the number of bauds 
which remain to be explained in terms of combination tones 
is much smaller than before. Previously, Schaefer assumed 
that the inactive frequency predicted from mathematical 
analysis t. #* the frequency of symmetrical expansion and 
contraction of the CO^ gi*oup, which involves no alteration 
in electric moment, is, nevertheless, active when combined 
with other frequencies ; in other words, though itself it is 
not connected with any variation of electric moment, merely 
referring to a mechanical vibration of frequency yet it 
develops an effective variation of electric moment of the 
same frequency when combined with other active vibrations* 
Schaefer states that without this assumption it is impossible 
to account for the whole of the observed spectrum. Even 
so, his observed and calculated wave-lengths do not agree 
to any very high order of accuracy, and, as the following 
table shows, equally good correspondence may be obtained 
without making use of the inactive frequency Vfy, Only 
those frequencies are shown in this table which are verified 
by the method descrilwd (cf. fig. 4). 


Table of Frequencies. 


of band. Observed X. 

Fundnm^tal.. 94 ^ 

Fundamental.... 55^ 

FundatnenUd... 30 


Observed 

1/X. 

Origin. 

Calculated 

lA. 

0-0106 

V** 


00182 

v’* 

— 

(H)333 


— 


a For wkieb 1 am iadebtedi to the Department of Mineralc^ in 
Camlmdge. 
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Table of Frequencies leontinuod'). 


Nature of band. 

Obeerred 

Observe 

l/X. 

Origin. 

CalcuUt«d 

lA-i* 

Fundammital .. 

.... 14’l6pt 
12*9^ 

00706 

0077 


0*078 

Fandamenial . .- 

.... 11-88#. 

0*088 


OD^ 


10‘4m 

0^ 



9-5^ 

0105 


0-106 


8 47/4 

0*118 


01*^ 

Fundamental . . — 

r 6-7 m 
7-Om 

0-143 

0149 


— 


6-3/1 

0*159 


0159 


6*9/* 

0-167 

1 

r 0 itu 

10*167 


5*54/4 

0*181 

4*4'' 

j 0*176 


/ 4*64/. 

\ 4*50 

0*216 

0-222 

t'l 4- 

j 0*213 

1 0*^ 


f 3*93/4 
t 3*87/4 

0*255 

0*259 

2Vj — 4^' 

f 0*255 
10*265 

First Hamnonic 

f 3*47/4 
.1 3*35/4 

0*289 

0*298 


fO**^ 

10*298 


f 3*10/1 

\ 3*04/4 

o© 


f 0 319 

10-331 


f 2*78/4 
t 2*74/4 

08«0 

0365 


f 0-357 
t0*3tiT 


j 2*53/4 
\ 2*30/4 

0-393 

0-400 


r 0-390 

10-402 

Second Hermonic.... 

/ 2*33/4 

0-430 

0-435 

8vi 

/ 0-429 
10*447 


The criticisms which may be made of the table are 
sufficiently obvious, but it may be noted that a great many 

possible cwnbinations would fall about the region 

Ld are therefore not separately observable; bat it may be that 
their presence contributes to the great depth and brea h 
of the absorption band at this point, which is exceptionally 
intense for a single “ line,” even though a fundamental lies 
within the limits of the band. One other point of interest 
is concerned with the band at 3;9/i, which Schaefer explains 
as being due to the combination i>i+Vo» should 

tberefoil have the same structure as which falls at SA/i. 
In the above table it is suggested that it is formed by 
2v —v' but it is also possible that »i + vj+i^ contributes to 
Si production of the band. Such a superposition would 
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mask ibd sbar^nass of iho doublet structure associated witb 
Pi^ aud this is m agreement with obserTation^ for throughout 
the series of oirbonates the baud at 3*9 is unresolved, 
only the merest suggestion of a doublet l^ing given by 
Schaefer’s curves in contrast to that at 3*4/^ which is 
a very clearly defined doublet. 

At the same time a very awkward detail is that of the 
relative intensities of the tmnds at 3*9 y, and 3*1 that 
which in the above table is supposed to be due to 2r|—r' 
being very strong, whereas that due to 2 ^ 1 is com- 
fmmtivelj weak. It is not claimed that the suggestions 
embodied in the above table are in any sense finals ^cause 
it is impossible to expect exact numerical agreement between 
calculated and observed values, so long as a correction 
analogous to that found by Kratxer in the overtones of 
gaseous molecules is neglected, as has perforce been the 
case in this paper. 


^Summary. 

The experiments have shown that infra-red rays are 
partially polarized bv transmission through thin plates of 
calcite cut parallel to the optic axis, and such polarization 
effects have been used to determine which of the bands 
observed in the absorption spectrum of calcite really corre¬ 
spond to maxima of absorption, and which are merely 
spurious and due to interference effects. It is also suggested 
that the spectrum can be explained without assuming the 
inactive frequency to be active in combination. 

The apparatus used was that described in previous 
papers My thanks are specially due to Dr. E. K. Rideal 
for his continued interest and encouragement. 

The Labomtory of Phjaical Chemistry, 

The University of Cambridge. 

March 19^. 
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VII* A Method of Calctdaiton suitable in certain Physical 
Problems. By T* J. I'a* Beomwich 

rN certain physical problems, there are many examples of 


JL pairs of quantities (say y) which are connected by 
a relation of the type 

♦.**•*• (1) 

A and n being constants (independent of .t, y). 

Naturally one would usually reduce such a formula as (1) 
to the logarithmic form 

logy^log A + nlog*r.(2) 


for the purposes of numerical work. 

But, during 1918, I was placed in the position of having 
to make many calculations of this kind ; and the conditions 
were such that w and y could not differ greatly from certain 
standard values and yo* After some experience in the 
actual work of the calculations, I convinced myself that 
a more accurate (as vrell as a more rapid) method was to 
calculate the value of the difference (y — yo) in terms of 

(a? ^ 0 ). 

Having recently learned that this transformation could 
be used with great advantage (in a totally different problem), 
it has seemed worth while to write out a short account of 
my method, with the hope that it may prove as useful 
to other calculators as it has been to myself* 

Write, for brevity, 

(a!-Jo)/«o=<> Cy—... (3) 


l^en tbe equation (1) leads to 

y/yo=W*o)".(4) 

or l+tJ=»(l+0“.(5) 


Thus, asing the binominal thaorom, wo hare, from (5), 

fjaBn«+|n(M—!)<*+.(6) 

For SQcb problem! as can be bandied convenienllj by this 
method, { is so small that may safely be neglected (and in 
many eases t* is also negligible). 


* GonuBunissted bjr the Author. 
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Tbns we can write 

p=B7i<{l +• • • * • (^) 

or 

y—y0=i5:(«—* (®) 


where we bare written 

kssnpoldo, 




. . (9) 


these values being independent of xi. j i 

To illustrate the actual working of the method, let us 
take an idealised example of the actual problem with which 
I was concerned in 1918 : that is, the adjustment of 
cordite charges. Without giving exact values, the naval 
15-inch guns (in 1914-1918) may be represen^ by ^ng yo 
to be a charge of 420 lb. and *o to be a velocity of 2400 f./s. 
For M.D. cordite the index n may be taken to be — 10/t 
(with four-figure accuracy). 

Thus from (9) we find that 


k- 



a;j = 2000 t./s. (roughly). . (10) 


To complete the illustration, let us consider the adjustments 
necessary for differences of velocity .r-aro- ± 50 f./s. 

Then (8) gives on substitution from (10) 

+ 50 f./s., -12-2 lb. 

and x-Xo= —50 f./s., y-yo= +12-8 lb. 


That is, in the practical forms, 

2450 f./s., y=407 lb. 12oz. 
X=2350 f./s., f/=432 lb. 12oz.* 


tJ 


Again, if x-Xo= ±20 f./s., the second-oi^cr 
egligible and the adjustment is simply +5 lb. 


terms 


are 


• With lawe charges the results are only worked out to the nearest 
t lb 4 oHr The rooming of the last line (for ex^nle) is that, if 
ich.:^ of 4^ lb. gives a velocity ot 23^ f./*.. then 432 lb. 12 os. shou d 
iriTe*^00 f./8. But so large a correction as 60 f./s. would not usual y 
be made without further finng-proofe. 


H2 
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Ym. Stme ProbUfM in Eleeirical MaeMne Eengm involiAng 
Elliptie Eimetions, By R. T. OoB, M.A,, M.8e.Teeh,., 
A.M.LKE., and H. W. Taylob, M.LE.E* 

ScmiABT. 

I N this paper the aathors investigate foar problems, 
three concerning the air-^p flax-distribntion of a 
machine for varions conditions of slotting and grooving on 
one side of the gap, and the other concerning the temperatnre 
distribntion in the insniation between two conductors and 
the sides of a slot. The former have special reference 
to the subject of pole-face losses, and experimental results 
available for one of the cases considered are found to be in 
satisfactory agreement with the theoretical results obtained. 

These four problems, which can all be treated as two- 
dimensional, are dealt with by the method of conformal 
transformation, and, by considering symmetrical figures, the 
results are obtained in the form of equations involving 
elliptic functions. 

By a systematic treatment the authors show how 
numerical results may be calculated from such expressions 
without the difficulties usually associated with elliptic 
functions. 

The results are collected together in the form of curves 
ready for immediate application to any particular problem. 

Stkopsis. 

I. Introduction. 

II. The Variation of Flux-Density on a smooth Pole-face 
opposite a Succession of Open Slots. 

(a) Analysis of Problem. 

(A) Practical Deductions. 

(i.) Maximum, Minimum, and Mean Flux-densities 
on smootii Pole-face. 

(ii.) The Gap Coefficient K,. 

(iii.) Calculation of Flnx-densify Variation along 
smooth Pole-face. 

• (^mmuBleated by SSr Biebard T. Olasebtoek, K.C.6., F BJ3. 
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III. The Flmt-Distribution associated with a Slot of Finite 

Dep^. 

(а) Analysis of Problem. 

(б) Practical Deductions. 

(i.) Flux-Density at Centre of Slot Bottom. 

(ii.) Effective Width of Slot. 

(iii.) Gap Coefficient K, for Repeated Slots, 

IV. The Temperature indicated by an Embedded Tempera¬ 
ture Detector placed between the two Layers of 
Condnotors in a large Stator Winding. 

V. The Flux-Distribution associated witii a Grooved Pole- 

face* 

(a) Analysis of Problem. 

{h} Practiml Dedactions. 

(i.) Flux Density on Grooved Surface. 

(ii.) The Additional Gap Length equivalent to the 
Grooves. 

(iii.) Gap Coefficient K, for Air-gap of finite length. 


I. iNTKODUCnON. 

The writing of this paper arose, in the first place, out of a 
consideration of the flux-distribution in i^e air-gap between 
a smooth pole-face and a succession of open slots. Ibe 
mathematical analysis of thU problem has already been given 
by F W. Carter in a recent paper and he shows that the 
»aiation involves elliptic functions having two parameters 
which depend on the relative dimensions of the slot, tooth, 
and gap. He also indicates the difficulty that arises in 
choosing suitable values of these parameters to correspond 

to any given dimensions. i. xi_ 4 . 

Bv^ a systematic treatment the authors of Ae j^sent 
paper show bow numerical results be obtained. ValuOT 
^^0 mrameters which fix the relative dimensions ^ the 
.lot tooth and gap are determined for a large number 
particular’ oases, and hence the values of quantities reqmred 

^ffe calculated over the whole ^mW.ms in 

In addition to the above problem, ^ree 
eleotridal machine design are investigated by the methods 

developed- 

♦ F. W. Carter, “Tto Maguatfe PT®*”** 

Jonntel L E. E. Ixiv.p. 1117 (10^). 
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II. Thb Vakiation of Flox-Densitt on a smooth Polb- 

FAOB OPPOSITB A SOCCESSION OF OpBN S1.OT8. 

(a) Analjfsis of Problem. 

A knowledge of the manner in which the flnx-density 
varies on a smooth pole-face opposite a snccession of open 
slots is of interest in connexion with a study of pole-face 
losses. In some cases large flactnations are possible in this 
flnx-density, and the resulting eddy currents set up in the 
surface skin of the pole-face may cause considerable heating. 
A particular case in point is that of the solid pole-face of 
turbo-alternator rotors. 

It will be shown later that for practical purposes the 
variation in pole-face flux-density can be taken as sinnsoidal 
between a maximum valne Bi under the centre of a tooth 
and a minimum value Bj under the centre of a slot, " 

To give some useful information as to the way in which the 
magnitude of this flux ripple depends on the ratio of slot 
opening to gap length, and also on the ratio of slot opening 
to tooth width, the authors have made calculations over a 

B S 

range of values of - from 0 to 3 and - from 0 to 5, 

9 * 

where 9=g^P length, 
sssslot width, 
and t=:tooth width. 

Most practical cases will be within the above range. 

The problem can be considered as two-dimensional and 
is solved by the method of conformal transformation. 

The most convenient transformation for the first part of 
the problem is that used by F. W. Charter, since by making 
suitable changes in the form of the resulting equ.ations 
the calculations can be made almost entirely from existing 
tables of Elliptic Functions. Since this same transformation 
is modified for use in several other problems dealt with later 
in the present paper, it is developed briefly below in a form 
particularly suited for calculation purposes. 

The method of conformal transformation as applied to 
the solution of such a problem in two dimensions may be 
regarded us a means of relating the field in a simplified figure 
representing the problem in a plane called the z plane to a 
pottion of a uniform rectangular field in a plane called the 
X plane. 
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If at and ^ wre the coordinates of a point in the z plane, 
z is taken as the complex quantity and if ^ and are 

the amounts of magnetic potential and flnx associated with 
the given point, then x ta>ken either as ■^+j^ or ^4-^ 
according to whether the flnx lines in the uniform field are 
to be vertical or horizontal. 

The flax-density at any point is given by the differential 
coefficient ^ at that point. 


The transformation between z and % i® made throngh one 
or more intermediate variables fj, etc., each of which 
represents a flux-distribntion in a plane. Points in the 
various planes are represented by the complex quantities 

etc. 

Since the only figures considered have straight line 
boundaries, the Schwarz transformation theorem can be 
employed to obtain the relation between successive variables. 
The Schwarz transformation theorem gives the values of the 


difTereniial coefficients ~^ , etc., while the constants of 

integration that arise are oTalnated from the varions boun¬ 
dary conditions of the problem. It is generally best to 
express both z and % in terms of f rather than consider the 
very eoniplicatcd direct relation between tbem. 

Since the process of integration is considerably simplified 
by considering asymmetrical figure in the - plane, the figure 
considered in the given problem is taken ss the smallest 
repeating section of the air-gap field together with its 
image relative to the smooth pole-face, as indicated by 
OABCDC:B|Ai in fig, 1, 

The point O is taken as the origin of the z plane and 
made to correspond to the origin of the ^ plane, while the 
pairs of points A and A|, B and Bj, C and C|, D and Di 


are made to correspond to the values = 
and ±oo respectively. ^ 

By the Schwarz theorem the transformation from the 
z plane to the ^ plane is given by 


dz , 

. 


z 




. . . ( 2 ) 


whence 
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PnMng ^sEsn j) to modnias k 

apd iisjfcsD« to modalas 1, 

Using the fact that there is a sadden inoreaw in « of 


Fig.l. 



Flnz-tistribatios in an air-gap nnifonnly slotted on one side. 

amount as f increases through the value on its real 
axis we obtain from equation (3) 

. « snadna /.x 


w cna 


Also unng the fact that i when 
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whence equating real and imaginary parts and BQbttita;dng 
lor A Irem equation (4), 


and 


Si, 

I' 


K/ BBmdaa 
IT \ cn « 




2K' 

^snadn< 

IT ^ 

1 cnet 


-Z(«))- 


K* 


- • ( 5 ) 

- - ( 6 ) 


The elliptic fnnctions in the above expresdons are all to 
modalns 1. 

Eqnationa (5) and (6) determine the relation between 
^ and ^ on the one hand and i and « or their equivalents 
on the other. 

For the purpose of numerical calculation, it is preferable 
tu deal with the modular angle ^ and the amplitude angle ^ 
of the hrst elliptic integral involved in the above equations. 
These are defined by the relations 


and 


l=:«ad 

A>i s 1 sn a as 1 sin 


so that equations (5) and (6) become 

^ sss — (tan^cosd^—Z(«)) . . 

s w 


aod 


n'here 

and 


^ = ?E(tan^co8^,-Z(«))-^. 

=:arc sin 1) scare sin (sin dsin 

r“ _ « F(4t.0) 

90~K K * 


. (n 
. ( 8 ) 


The chief difiScnltj in using the above results lies in the 
fact that we usually wish to investigate a problem for which 

the values of - and ~ are specified, and this requires 
g * * 

recourse to tibe method of cross plotting in order to 
determine corresponding values of $ and 

By the method outlined brfow, the authors have found 
the values $ and ^ bb given in Table I. for a large 

number of cases in the range of - from 0 to 3 and ? from 
Oto5. ^ ' 
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Valaoa ^ and I wero oalcnlated irom eqnatloiis (7) and 
(8) for a oamber of values 6 and r®, tlie intermediate 

Tabub I. 

Values of $ and ^ in degrees for Problem of Slots 
opposite smooth Pole-face. 


f 


0*5. 

0*75. 

1*0. 

1*5. 

2<>. 

2*5. 

m. 

-*=0 

10... 

... 0 

0 

0 

0 

0 

0 

0 

t 


... 76*0 

69-5 

63*4 

53*1 

45*0 

38*6 

337 

'=0*25 

re... 

... 33-2 

137 

5« 

im 

0195 





... 77*0 

697 

63*6 

53*13 

450 

— 

-- 

! —0*5 

i«... 

... 65*1 

42-1 

26*9 

10*9 

4*50 

1*90 

0*82 

t 


.. 81*1 

72*3 

64*7 

53*3 

45*0 

88^ 

33*7 

1=0-75 

(9 ... 

u.... 

... 77*3 
84*0 

59*5 

72*5 

43*8 

67*1 

23*4 

543 

12*8 

45*4 

7*18 

38*8 

4*10 

337 


ro..., 

10.,.. 

... 83*7 
... 85*8 

68*7 

77*8 

54*9 

69*3 

34*2 

55*6 

21*4 

46*0 

13*6 

8*70 

33*9 

^=1-25 

fO... 

... 85*0 
... 88*6 

743 

79*5 

622 

714 

42*4 

57*1 

291 

46*9 

20-3 

396 

14 3 
341 


fO ... 

... 86*2 

77*8 

67*5 

491 

36*3 

256 

20 5 ^ 

-=V5 

10.., 

... 

81*0 

729 

58*6 

47*9 

^1 

34*7 


ro,.. 

... 87*9 

81*9 

74-1 

57*7 

449 

35*4 

29*4 


10..- 

... 88*1 

83*0 

75*3 

60*9 

49*7 

41*4 



f0... 


85*4 

79*4 

67*2 

56*7 

48*2 

41*7 

-=3*0 

i0... 

... — 

84-8 

78*1 

64*5 

52*7 

44*0 

37*5 


fO... 

—— 

87*5 

83*8 

75*3 

67*4 

607 

*55*5 

j =50 

1 

... — 

86*1 

80*7 

68*2 

56*7 

47*6 

40*6 


quantities and Z{»), being obtained directly W reference 
to the “Smithsonian” Tables of Elliptic inunctions®. 


Curves were drawn giving 9, <f>, and - plotted against | 

9 * 

for a number of values of r° and from values obtained from 


* “Smithsonian” Mathemstica! Formulie and Tables of Elliptic 
Fniicttons. Smithsonian Publication *2672. 
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these curves farther curves were drawn giving 6 and ^ 

against - for a niunber of values ^ • 

Having determined the relation betwwn the a and ^ 
planes we now turn to that ^tween the f plane and % plane, 
the latter representing a uniform field. 

Since both the potential difference Md amount of flux 
associated with the problem figure are finite, upper b^f 
of the f plane is transformed into a finite portion of the 

uniform y plane as indicated in fig-1. . 

To priwerve similarity between the figures in the various 
planes, the flux lines in the x horizontal 

so that 

The transformation from the ^ to the % plu**® ** given by 

dK 


( 9 ) 


. ( 10 ) 


Making the origins of the two planes correspond 

^ dK _ 

j, (i-m'i-w)' 

Using the EnoUhat when t=l.X=*otl>e potential difEerence 
across the gap, we obtain 

B=^.(11) 

From eqnations (1). (4), (9), and (11) the fina-densitjr at 
any point is given by 

dz ~ dt'dz~ Kissnadna (I—i*?!*)* 

K/, cn«z(»)\ar:^£H!?LL?!L, 
= 5r^K;(^--sir^) 

where ^ is the flux-density that would exist in a uniform 

gap of the given length and with the given potential 

difference across it. 

In the form best suited for calculation 


iK, 

dz 




Z(*) 

tun ^ cos 


> \ (ir±’ 

IS 0i/ (i—si 


sin*^,.r)* 


(13) 
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(b) PraUieal Pedu^iont. 

(i.) Maximum, Minimum, and Mean Pluanfendties on smooth 
Pole-face. 

The maximain f[ax>density B| on the smooth pole-&ce 
o^nrs oppoate the middle of a tooth where {^ssO. From 
equation (13) 


s ’' k . 


0- 


-)•. • . ( 1 *) 


tan^oos $ 1 ^ 

The minimum flux-density, Bt, occurs opposite the middle of 
a slot where 1^«1 and is given by 




hi' 


Z(«) 


tan <p cos d 




(15) 


9 

sBisin^ 

From equations (10) and (11) the increase in % as f 
increases from 1 to ^ is . This gives the flux per 

half-tooth pitch, so that 


Mean flux-density B. 




$■*■1 

-I 


4>e 


K,' 


2-^ 

t» __ 

s 


(16) 


The values of Bj, B*, and B* are given in Table II., these 
liaving been calculated at the same time as the values 
of 6 and for Table I. The variation of maximum and 

minimum flux-densities with - are shown in fig. 2 for the 

9 

three cases where ^ =0,1’O, and 2*0 respectively. For the 
sake of completeness, values have been included in Table II. 
for the limiting case where ' s w, t. e., where the tooth has 
zero width. In this case 


B, 


B, 




4o 


$ 


Kitanh^ 

s 

g 


9 
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Table 11. 

VidtiBS o£ maxiraum flux-deasify Bi, minimum flux-density 
Bfc and mean flux-density B«, on smooth pole-face as 
percentages of flux-density in uniform gap. 


0^. O-S. 075. lO. 1’5. 2<i. 2-5. SrO. 




1 ? 


B. lOOO 100-0 10(H) 100-0 100-0 lOOO IW^ IW^ 
.. 97-0 9&-7 89-5 800 70-7 825 56-5 


B *.. .... ITOO 100-0 100-0 lOOO lOOO lOOO lOOO lOOO 


;=oiS5 1 

Bi . 

lEljl • 

99-2 
99-1 
. 99-2 

990 

97*0 

98*4 

99*7 

935 

97*7 

99-9 lOOO lOOO lOOO 
89-5 800 70-7 #2-6 

970 95-6 94-4 93-4 

100*0 

55*5 

^*5 

o 

II 

«0 

B. . 

. ^*8 

♦ tf 

981 

9ft'8 

97-6 

98^1 

93*4 

m 

98-9 

89-4 

94-9 

99*5 

80*0 

99 9 
70-7 
90*6 

1000 

62*5 

89*0 

10(H) 

55*5 

87*8 

;=oi5 { 

S;:;:- 

. 

. 08-4 

• ji 

• %t 

97*0 

96*5 

96*8 

96*4 

^*2 

951 

97*1 

89*3 

93*5 

98*5 

^•5 

99*2 

70*7 

87*9 

99-7 

62-5 

85-7 

99-9 

55*5 

83*9 

■=1-0 { 

b . 

2’. 

"»!*•**' 

. 98 -1 

'• *♦ 

»• >» 

96*3 

96*0 

96*2 

950 

9)0 

94-3 

95*3 

89*2 

92-3 

96-8 

79-8 

891 

98*3 

70*7 

86*0 

99*1 

62*5 

83*3 

99*7 

55-5- 

81*4 

!=1-25 I 

.B«-. 

.. 97*8 

95-7 

95-5 

9.5-6 

94*2 

92*7 

93*4 

93*9 

89*1 

91'4 

9.5*2 

79-8 

87-7 

96*6 

706 

84*5 

^*0 

62*5 

81*5 

55*5 

79-1 

| = ■ 

,1;;;:: 
1 B„.... 

.. 97-5 

». ♦) 

.. •» 

951 

»» 

93*5 

92*4 

92*4 

92*6 

88*7 

90*4 

93-6 

79-8 

88-5 

95-2 

700 

831 

96*9 

62*5 

^*0 

98*1 

55*5 

77*3 


fB,..., 

\k::: 

... 97-2 

Si 

► f ♦ 

94*5 

»» 

925 

91*7 

91*9 

91*1 

^‘4 

89*5 

91*1 

79*7 

85*1 

92*7 

70*5 

81*2 

94*3 

62*5 

77*8 

95*7 

55-5 

74*7 

*=30 

* 

{1^;: 

... 98*8 
.»« 

93*8 

*» 

912 

90*7 

90*9 
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and 

whore Ki is the complete first elliptic integral to modolos 


ki^ssn «*tanh —. 


Fig. 2. 



Curves giving maximum and minimum flux-densities on smooth 
pole-face opposite a succession of open slots. 

In practice it is the mean flax-density in the air-gap that 
is bnoam, and so it is desirable to give the total Tariation 
of flax-density on the smooth pole-face dne to the opposing 
slots as a factor or percentage of the mean flax-density. 
The carves of fig. 3 have therefore been calcnlated from 
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g _g 

Table 11. and show the way in which -Ig—S expressed as 
a percentage varies with the ratio - for a nnmber of values 


of-;. 


Assnming the flax variation to be sinusoidal, the pole-face 
eddy-current loss will be proportional to the square of the 
total variation between the maximum and minimum values. 


Fur. 3. 



Curves giving total variation of flux-density on smooth pole-face 
as percentage of mean flux-density. 


The curves of fig. 4 show the way in which the pole-face 
eddy-current loss varies with the ratio - for various values 
of', the mean gap flux-density, the slot pitch, and the rela¬ 
tive velocity between the slots and pole-face being assumed 
to be constant. It is seen that for any given value of ; 
the pole-Eaoe loss is negligible np to a certain value of 
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2 »nd then increasM very rapidly. Thus, for inaUhoe, if the 
ratio - i» increufed fcom 0*8 to 1*2 by shortening the air- 
of a machine tiie eddy-onrrent pole>faoe loss will be 
incrMS^ by an average of eight times for Talnes of ^ between 
0*5 and 1*0. It is tiieiwfore important to keep down the 
value of the ratio Mf a small pole>face Imis is required. 


Fig. 4. 



There is nsoally a limit to the extent by which the 
ratio ^ can be reduced either by decreasing the slot width 
or by incTMslng the length of the gap, and so a knowledge 
of the criticd valno of - shown by the above results is of 
some importimoe to eleotri(»l machine designers. 
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Experintentel oonfirmatioa of tite above theoretical resalts 
for a fmrtioolar ratio of slot to tooth width is obtained from 
teste carried ont by T. y. Wall and S. P. Smith * with the 
particular object of investigating pole-face Iosms due to 
armature teeth. The particular machine on which tests 
were made had open slots, the ratio of slot width to tooth 
width being 0*73. The pole-face loss was measnred with 
the machine on no load for various lengths of air-gap, the 
mean |^p flux-density being maintained at the same valne 
in each case. From resmts obtained over a range of 


values of - from X’2 to 4*8 it was deduced that the losses 
were proportional ^ | • 

This result may be compared with that for the tiieoreiical 
case considered where ^ =0*75. The amplitude of the flux 


ripple, as given by the appropriate curve of fig. 3, is found 

to be proportional range of - from 1*2 

to 3. The eddy-current pole-face loss, which is proportional 
to the square of this variation in flax-density, is, therefore, 

proportional to . The hysteresis loss will only be a 

small fraction of the eddy-current loss, and so the agreement 
must be regarded as very satisfactory. 

In an actual machine there is considerable difficulty in the 
way of separating the pole-face loss from the other losses. 
General experience, however, supports the above conclnsions 


that, beyond a certain value of the pole-face losses may 
become excessive. 


(ii.) The Gap Coefcknt 

By the gap coefficient is meant the ratio of the length of 
the equivalent unslotted ^p to the length of the actual 
gap, the equivalent g^p being such that tor a flux-density 
equal to the mean flux-density in the actual the same 
potential difference is required across it. 


* T. F. Wall ft S. P. Smith, “ Expmimental Oeterininafioti of tho 
» Polo ^OM due to Animtore Te^,” Journal I. E. E. xL 

P* 077 

Fhil, Moff. 8. 7. Vol. 6. No. 34. July 1928. I 
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is the length of the egniTalent unslotted gap 

1 


(17) 


therefore 

K,=2^ = ^!x„- 
^ ff ff B» 

Curves calcnlated from the above expression are shown in 
fig. 5. 

Fig. 5. 



Curves giving the gap coefficient Kg for an air-gap uniformljr 
slotted on one side. 


An approximate method of calculating the gap coefficient 
for the tase considered was first worked out by F. W. Carter * 
on the assumption that the effective width of each slot was 
the same as that of a single slot with the gap extending to 
infinity on either side. 

• F.' W. Carter, “Air-Gap Induction,’* ‘Electiical World and 
Engineer,’ xxxviii. p, 884 (1901). 
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The fonnnla given redncee to 



Comparing valnes given by this formula with those calcalated 
from equation (17) for the more exact case, the agreement 
is found to be surprisingly good, the error being less than 


m S S 

0*5 per cent (negative), for values of - less than 3, and - 

less than 2*5. The error increases somewhat for larger 

vaines of - and but the approximation is sufficiently 

good for practical calculations involving the total air-gap 
jfiiux. 

It must not be concluded from the above that the influence 
of a slot does not extend beyond the middle of the adjacent 
teeth, for, as Table II. clearly shows, for most practical 
cases the flux-density on the smooth pole-face opposite the 
middle of a tooth has by no means reached the limiting value 
for the uniform field. The method used in this paper has 
therefore been essential for the complete study of the flux- 
density variation on the smooth pole-face. 


(iii.) Caknlation of Fhui^density Variation along smooth 
Pole-face. 

Although, as already shown, the values of the maximum 
and minimum flux-densities on the smooth pole-face can 
readily be determined, the calculation of the flux-density at 
intermediate points is much more involved, as it requires a 
knowledge of the relation between c and f in the range 
where f has purely imaginary values between 0 and /<«>. 

: From equations (3) and (4), 

Along the smooth pole-face, 

say, where ^ is a quantity j 
lying between 0 and K' / 


12 
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theralore 


jFig.e.} 



CuTTeg showing variation of flux-density on smooth pole-face 
opposite uniformly slotted pole-face. 


Jacobi’s 0 function, which ocoars in the above expression^ 
is defined for modulus k by the series 

0 ( 0 * 1 — 25 oos^-|- 2 }‘co 8 ^*— 2 j»cos Y +— i^ 2 ) 

_K' 

in which game *. 

Bxpan^i^ the 0 functions of equation (21) in series foriu». 
and separating their real and imaginary parbt, and also using 
tihe relation from equation (€) that 


snu 


dn I 
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the expression for 2 in a form convenient for calcnlaticm 
rednces to 

J0\. O ..O' 


trbere 


and 




90 


K’ 


sarctan 


' 298inh^sin2r®—23*8inh-^sin4r®+... 

l-- 2 f cosh ‘ 


expressed in degrees. 

In the above expression far /i° the quantities 5 , K, and r® 
depend on the dimensions of the problem and so are fixed 
for any particnlir case, ^us $ is the only quantity in the 
expression for z which varies as one moves along the smooth 
pole-face, and so it is best to make the numerical calculations 

by biking a number of values of between 0 and 1 . 

The flux-density is obtained by potting in equation 
(i3j, giving 

dx_4>o^K _ Z(«) (24) 

where as before 


and 


sin 6 

sin^ SB sn«, 
sinfli— sinfl.sin^. 


For given dimensions of the slot, tooth, and ^p, tlie only 
quantity that variw in the above expression for the flux- 
aensity on the pole-face is ij, and this is related to ;8 by the 
equation 




so that the value of -9 corresponding to any ch<wea value of 
can be found by bhe use of tables of the first elliptic 
integral. 

variatien of flnx-dena%’ alcmg the smooth pole-face 
has been calculated for three typical cases, as oorow. 
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Case 1. 7 = 1 * 0 , - = 1 * 0 . 

- i _L2_ 

Corresponding to (?=54*9°' and ^=69*3® as given by 
Table I., the valne of r® is 63*31®, so that equation (23) 
rednces to 

®»i|(l-7035^ + ^), 

where 

f(®=:arotan 

0*11042 sinh 2*676 +0*000429 sinh 5*352 

1*0 +0*08204 cosh 2*676 -0*0000129 cosh 5*352 ^7 


Eqtiation (24) giving the finx-density reduces to 


X 0*9533 

dz g 


(1 + 0*58572^*)* 
(1 +0*669361J*)** 


The wave-form of the flax-density variation over one slot 
pitch as calcnlated from the above expressions is shown in 
fig. 6 . On analysis its equation as represented by the first 
five harmonics is given by 

Bsb (1*012 cos d-0*012 cos 2^ -0*002 cos U 

+ 0*004 cos 4^—0*002 cos 5^), 

the amplitudes of the harmonics being expressed as fractions 
of half the total variation between the maximum and 
minimum flux-densities. From the smoothness of the 
wave-form it is expected that all higher harmonio) will 
be negligible. 

Assuming the effective permeability of the surtoce shin 
of the pole-toce to be the same for all the harmonics, the 
loss per unit area doe to each harmonic is proportional 
A* 

to where As:amplitude and n=order of harmonic. 

On this basis, the loss factor which gives the ratio of the 
actual loss to the loss calculated for a single sine wave of 

amplitude * is found to be 1*024. 


* See F. W. Oerter, “ Pole-fsee Eddy-eunent Lose,” Joamal I. E. E. 
Hv. p. 170. (1916). 
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Cases. 5»1-0,-»2-0. 
t g 

From Table I., 0 *b 21*4® and ^as46*0°, giving 1^=44*98°, 




where 

and 


fj^ssaxc tan • 


0-01786 sinh 4-719#, 

XV 


1*0 ~0-0000l04cosh4*719~ 


xO-9897<1 + 0'06889’^)» 

The flnx-densitj is represented bj the equation 

B=B„+ (1-019 cos^-0-117 cos 2(?-0-017 eosM 

+ 0-005 cos 40+0-005 cos;50), 

giving a loss factor of 1-049. 


Case 3. ; =0-5,-=10. 

_ i _ 2 _ 

From Table I., 0=26-9° and ^=64-7°, giving r°= 63*38°, 


where 


and 


.=4(2-7043| + J^), 

002294 sinh 4-247^, 

/*°=arc tan ——- 

1-0+0-01714 cosh 4-247 g. 


42C 

dz 


to 

9 


X 0-9889 


(1 +016732V)* 
(1 +0-20470V)** 


The flnx-density is represented by the eqnation 

B=B« + ^ ■ lZ^ (o>990 cos 0-0-143 cos 20+0-002 cos 30 

+0-013 cos 40+0-007 cos 50), 


giving a loss factor of 0-995. 

It will be apparent that the calculation of the exact wave» 
form of^ the flnx-density variation on the smooth pole-face is 
too tedious to be performed except in special oases. The 
results obtained for the three cases workSd ont above 
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indicate that, as regards the eddy»earrent loss in ^e 
face, snfficieatly cl<^ approaiinatinn can he obtained by 
trMtiag ^e Toriation of flax-density as sinnsolddi between 
tiie Umite tndimted by the carves of fig. 3. 

III. ThB FLUX-DlSTffltB0Tl6N ASiOCUTBD WITH A SLOT 
or Finitb Depth. 

(a) Analjfns of Pr<Mem. 

In oases where slots of comparatively small depth form 
|nirt of the air-gap bonndary, it is sometimes desirable to 


Fig. 7. 



The flnx-distribudoa doe to a riot oi fioito depth. 


iuive means ^ uriimatiBg the ^active slot width as aflected 
by the finite depth. 

Considering a nngle slot with the mr-gWP exipadiog to 
ufinit^ on either sim as shown in fig. t, toe sagie kans- 
fonnation as in tV previous problem can be employ^ 
between the z and K planes, so that it is &ir]y simple to 
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$_ 


<»lcalate resalts OTer a range of Talnes of ^ and where 


and 


d a depth of slot, 

$ SB width of slot, 
g length of gap. 


Taking ~ and - as Tariables and identifying d, s, and g 
* 9 

wiUi 1, 2o, and ^ in »he results for the previous problem 

as given by equations (1), (4), (5), and (6) the trans¬ 
formation from the z plane to the K plane is seen to be 
given by 

dz 2g snciiotf {1“^?*)^ 

dr* w cn« (l-i*sn*«.f*)(l-^)*’ ' 

W \ Cu» ^ 

■where p ss F (r • ^)* 

The parameters « and it are determined by the equations 

_ .... (27) 

ir \ cnt* / 

and 

« A-wwa ^ V 

(28) 


t 

9 




d__ 2K*/8» «dn a 
p”” w \ cn« 

or in form best suited for calculation, the equivalent para¬ 
meters 0 and ^ are determined by 

vr 


■and 

where 

«nd 


* ss (tan^cosdi—Z(a)) 

9 


- M ^5. (tan ^cos -Zf*))— 

g w 


,0 

90’ 


(29) 

(30) 


sin 6 ssthy sin s sn a, sin dt ~ ^ sn «, 


90* 


F(^, 9) 


k:“ k • 

In TaUe III. are given the associated values of d and ^ 

required for a number of particular eases for - between 

^ and 2*0 and -between 0 and 5. 

9 



••5?^* 


1S2 Mai^rs* B* T* Coe H. W* Taylor; Sam^Problemsm 

The Schwarz traosformatioo between the ^ and % planes 
is gtyen by 

B 

.. 


Table III. 

Valnes of 0 and ^ in Degrees for Problem of Single Slot of 

Finite Depth. 


d 

g 


0-1 



==0-3 


ss0"4r 


-0*5 


- 0*75 


= 10 



{; 

ii 

c 

{; 


tf 

c 

{: 


0*25 

0*5 

1*0 

2*0 

3*0 

5^0 

58*4 

591 

61*5 

^*4 

729 

80*5 

9*3 

18*0 

339 

56*7 


81*4 

436 

44*1 

46*1 

51*7 

57*7 

65*8 

8-2 

16*1 

^5 

51*4 

63*8 

759 

32*2 

32^7 

34*4 

39*2 

44*1 

61*3 

7*8 

15*2 

28*7 

48*5 

60*3 

72*5 

^*8 


25*5 

39*3 


38*1 

7*5 

147 

277 

47*0 

58*7 

70*5 

17*5 

17*7 

18*7 

21*5 

24*4 

^•9 

7*25 

144 

272 

46*0 

57-2 

69*5 

8*01 

8*13 

8*58 

9*88 

11*23 

13*87 

7*15 

14*13 

26*70 

45 *^ 

56*58 

68*48 

3 ^ 

370 

3 ^ 

452 

5*13 

6*13 

7 12 

14 W 

2600 

45*07 

56 37 


0*16 

0*16 

017 

0 **^ 

0*22 

027 

7-12 

1405 

26*57 

45*0 

5632 

6890 


whence, on making the origins of the two planes correspond 



_ 

i-k*n?a.^ 


ss arctanh {/t8n«. f) . . . (32)- 
K sn ot 

By considering the point f = r - where % takes on a 

K sn c 

sadden increment where is the potential difference 
between the two sides of the gap, we obtain 


26 o kana 
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80 that in calculation form 

y — ?^®arctanh (sindj • 5). • • • C^) 

The flox-density at any point is given by 


dv dv dt 4>o 8in(?cos^ (l—g*)* 


(35) 


^2 being the flux-density in the given gap where it has 

0 

become nniform. 

Fie. 8. 



Carves giviag flux-demity of centre of slot bottom. 


(b) Practical Peduetions. 

(i.) Flux~Densky at Centre of Slot Bottom. 

This is obtained by patting = 0 in equation (35) giving 

. 

* g COS 

The variation o£ the flux-density at the middle of the slot 
bottom with the rado f is shown in fig. 8 for a number of 

values of -. 

S' 
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From the eanres it is seen that the flax<-density at the 

bottom of the slot depeods chiefly oa the raiio - and becomes 

4dmost negligible (less than 1 per cent.) when the depth of 
the slot exceeds 1*6 times its width. Slots deeper thim this 
can obvionsl^ be considered as of infinite depth as far as 
concerns their effect on the magnetio field iim air-gap. 

(ii.) Width of Sl^. 

By the effectiire width of the slot is meant a width that 
can be used for calonlation pnrpows on the basis tiiat the 
flnx in the air-gap is uniform, on either side of die effective 
slot but is aero across it. The effective width slot is obviously 
less than the actual width slot by an amount which allows 
for the reduced density across the actual slot and the frin|^ng 
at the comers. 

(Considering any point on the slotted side of the air-gap 
but ouiaide the slot, the “ lost flux on the side doe to the 

prmenceof the slot is given by the real part of X 

where z and x correspond to the point considered. Aitbongh 
the value of this expression becomes constant as the flux- 
density in the gap becomes uniform, it is best calculated as 
the mathematical limit corresponding to the point of the gap 
which is at an infinite distance from the slot. Thus the lost 
flux for the whole slot is given by the rmil part of 



2lim 


. %\9 



Let 

^ it sn (a -f ^ 

so that 

t 0 u — * 

* km» 

Thmi 

p Fdi k) 9st 


and substituting this valne in equation (26) 
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I 


+ log 


un 


2K " 


-^siu 


. ahr(2«+t} , , 5«(2«40 1 


2K 


+ ?®sin 


2K 


. irt , , ‘irtt , - . hvt 

""jR ■ 






(37) 


where ^ «s 

Alsolfronrequations (32) and (33) 

-” are tanh -- 


tr 


sn(i* 4- 


ir Hh() — 


(3g> 


whole m 


*—0 X .9 


+ 21og I Kcna<in«C 


sm 


fr« 

IT 


Using equations (37) and (38) the ‘Most flux'* for tha 
dot is given hj the real part of 

^ 4^4 

./ .«in + / sm ... W 

U-%='+V ..) ) / 

• . . . (39> 

The effective width of the slot *, is the width which would 
be oet'upiwl by the above quantity of flux in a uniform gap- 
of length ^ and witli a potential diflerence^ and is therefore 

obtained by dividing the above expression by ^ j 


I w ma 


+ ^log 


> • ’*■“ . « • 5sr« \ 

K jr•) 

.... w 


sn a 
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lo a form better suited for calculatioa purposes 

t '~m 

j. rK cos^i (sin2r° — 9 *sin 6r®+gf*sin lOr*...) ) 

Vi *^\irtan^ (l-39*+59* ...) /* 

.... (41) 

The Talnes of K, q, &i, and are derivedi directly from 
the parameters 0 and ^ by the relations 

Fig. 9. 



Corves giving effective rvidth of a slot of finite depth. 


K ss complete first elliptic integral to modnlar angle 0 . 

K' 

9 =s e *■, 

= arc sin (sin ^ sin 

and 

r°^ F{4>.0} 

The numerical value of q is usually so small that only two 
or tliree terms need be taken in ihe series of equation {41) 
to ove 4-figure accuracy. 

The final results are given in the form of curves in fig. 9. 
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(iii.) Gap Coeffi^ent K, for repeated Slots, 

For the c»8e of ropoated slots of infinite depth it vaa 
shown that the gap coeffioient conld be obtained with 
sufficient accuracy for praedcal purposes by taking the 
effective width of the slot the same as for a single slot with 
the gap extending to infinity on either side. 

In the same way it is expected that a similar approxima¬ 
tion can be made in the case ef slots of finite depth, so that 
the gap coefficient is given approximately by 




K,= 


s+t 

S-i-t — Se 



(42) 


IV. The Tempbratobe indicated by an Embbcded 
Tempbbatubb-Detectob placed between the two 
Layers of Conductors in a large Stator Winding. 

Since the heat generated in the conductors of a machine 
by the load current has to pass through the surrounding 
layer of insulation before it is finally conducted away to the 
ventilating channels by the iron of the core, a considerable 
temperature difference exists across this insulation in virtue 
of ite bad thermal conductivity. 

In representative present-day designs the temperature 
drop in the insulation round the conductor is of the order of 
40® C. for a total temperature rise of 80® C. above the 
ambient air, as indicated by an embedded temperature 
detector generally placed at a point on tbe centre line of the 
slot and midway between the two conductors or groups of 
conductors. 

The highest temperature in the insulation occurs at tbe 
surface of the conductor, so that an embedded temperature 
detector located midway between two adjacent layers of 
conductors will indicate a temperature somewhat lower than 
this maximum value. 

The present investigation was made to determine the 
extent to which the actual conductor temperature exceeds 
the indicated temperature over a wide range of practical 
cases. 

For the problem considered it assumed that there is a 
consent temperature difference between the conductom and 
the iron of the core and also that the material of the 
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insahtion is isotropH tbst is^ has the same oondiietiyitj in 
all directions* 

The former assninption is |astifi^ since, owing to the 
much grmiter oondncfciyity of the copper and iron compared 
with the insnlation, any temperature yariations existing in 
the condnetor itaelf or in the iron adjMent to title slot 
must be yery siitall compared with the total temperature 
drop across tne insulation. The latter a^umption must also 
reasonably true, since all proeeims of insulating the 
condnctors of large stator windings aim at exelnding air 
films or p<K^ketii from the body of tbe insolation* 

With the above assumptions the flow of heat through the 
insulation is subject to tbe same laws as magnetic flux in 
air. and so the isothermals or lines of constant tempemture, 
ana the lines of heat flow, can be obtained by methods 
similar to those already employed in the magnetic problems. 

In general, the height of the conductor or layer of 
condnctors will be several times the thickness of the insulation 
between the conductors, so that a close approximation to the 
actual problem can be preserved by considering only the 
region between two conductors of infinite depth. This 
enables use to be made of the same primary transformation 
between the s and f planes as employed in the two previous 
problems. 

The result obtained by considering two conductors will 
also apply with a reasonable degree of approximation to the 
case of laminated conductors, as the thickness of insulation 
between individnal laminations is small compared with the 
thickness of their common wrapping. 

The problem nnder considelation is represented by tbe 
top diagram of fig. 10. The portion of the figure indicated 
by OABOD(J|HjAxO is of the same shape us that consideied 
in the previous magnetic problems and therefore leads to the 
same transformation from the z plane to the f plane. 

In the present problem the most convenient variables to 


employ are the two ratios 



where 

d\ 


di sst thickness of side insnlaiton, 

djj * half thickness of insulation between conductors, 

and 

W 3= width of conductors. 

By identifying di^ d,, and W with |^ i^spectively 
in eq[mttoiis (l)i i(4), (5), and (6) of tbe first magnetiic 
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problam, the transformation from ilie z plane to tbe ( plane 
is seen to be given by 

w cn« (l—Ml* *1 ~^) ’ ' 

Fig. 10. 



Flow of heat through insulation between conductors and iron. 


where 


f 

di w I 
W^4K'fsn 

~di ST t 


2K f SQ a tin a 


I adn a 


-Z(«)}, 

Z(«)} 


The ranges of valnes of <iie two variables likely to be met 
with in practice are 

from 0 to 0‘5 and ^ from I’O to 2'0. 

FMl. Mag. S. 7. VdU 6. No. 34. Julg 1928, K 
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Table IV. has been drawn np showing the asswiated 

Talues o£ <? and ^ required to give Tarions values of 

in this range. (ifc«sin^ and sna^sin^.) 

For the mathematical treatment it is im^terial whether 
au h Unwn tiDwards or downwards in tha z plana fi^nra 

dmiUritririUi th. otkm proHems it i. 
Sl M ^.Alg The l»rli.n. et Ih. lower 

Tabi.k IVa 

Valnes of 0 and ^ in Decrees for Taiiiparatnra-Datactor 

Proldam. 



4 

1-0 

It 

o 


.. 0 
.. 450 

4 5=0-1 

w 

iJ: 

0-08 
.. 45« 

4 =0-2 

w 

{:• 

... 206 
... 45-0 

4 =0-3 
w 

(9 

... 

... 451 

4 s=0-4 

w 


... 14-55 
... 45-5 

^ = 0-6 

{: 

.... 21-4 

.... 46-0 


0 

50^2 

0*14 

m2 

4*18 

50-2 

12-25 

50^5 

21-4 

m 

29-1 

52-0 


1-4 

1-6 

1-8 

2-0 

0 

0 

0 

0 

54‘4 

58^ 

60-9 

63-4 

0-4S 

0-89 

1-^ 

2-60 

54‘4 

58-0 

60-9 

63-4 

7m 

10*4 

14^ 

18-4 

544 

58-2 

61-3 

63*4 

1T*<5 

23-35 

»T5 

34 25 

55-1 

^'l 

62*5 

65^ 

2S*2 

S45 

40-8 

46-7 

56-0 

60-4 

44-2 

67^ 

see 

4S4 

49-5 

14-9 

57*S 

62-0 

65*9 



teeodery b.t-«in ? = 1 »"d J t —I •"d 

«re assumed to be at aero temperature and the whole 

op^r boundary from f =* j to » and from f « — j to ~ w 

oS^t^rtit that there are two disconnected portions 
of the ? plane real axis which are at aero 
tanrforiLtion from the f pUne to a portion of ttie nnifomi 
rX^mnot becompleted in one ope«twn. We therefore 
^an additional plane which will be <»11^ the fi 
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ia whidh thwe two disconnected portiens o£ isothermal are 
brought together. In doing this, the intermediate part of 
the 5 *‘•*'1 axis, representing the two halves of a portion 
of the middle stream line of the figure, becomes transformed 
into the two sides of a finite portion of the imaginary axis 
of the plane. 

By the Schwarz transformation theorem 

. 

whanoa, making the origins of the two plan^ correspond, 

- 

Since the constant B only occurs in an intermediate 
transformation, its value may be chosen in any convenient 

'^he final transformation from the ?i plane to the x plane 
can l»e simplified somewhat by choosing B so that 

— 1 when ? “ ^ ■ 

Then from equation (47) 


B = 


so tliat 


_ 


. .( 4 «) 

= . 

The transformation from the plane to the uniform 
y plane is given by 

‘ lx * ii _,.( 50 ) 

and on making the origins of the two planes correspond 

pit dti 

X *= it+j4> - 

as Carctanhfi. • • • (51) 

To evaluate the constant C we use the fact that whra 
t, increases through the value unity, x by JT. 

Therefore from the above equation 

jT*|' XJTT, 


C = |t. 


K2 


giving 
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80 that 

» IT arc taoh {f -1)*} • ^52) 
At the point where the detector is placed, f ■» 0, so that 
.X, = |Tarclai»hi^, 

= i^Tarctaii^i 


S= /-Tarcsinij. 
•' IT 


(53> 


Tbe temperature difference between the detwtor and 
conductors La fraction of the total 

between the iron core and the conductors » therefore gt>en 
by 


2 

TT 


arcsinl'i. 


In calculation form, arc sin A and is found m 

•o that the fraction of the total t*m|ierature is giren by the 
simple expression 

90 * 


Tbe cnrye* of fig. 11 show the temperature difference 
between the detector and core as a percentage of the total 
temperature drop across the insolation. Tbe^ curves were 
calculated from Table IV. using the relation that 


0 f «• arc sin (sin 0 sin ^). 


If the two layers of insulated conductors were assembleil 
together in the slot so as to touch one another tbe yalne of 

I* would be unity. Actually, howerer, it is necessary to 

separate them by say a wooden strip, and in this ^ if we 
Bwume tbe detLtor to be embedded in the middle of the 


strip, the yalne of ^ wiM be greater thau unity, depending 

oa relatjye tWcknmwes of the coil insulation and 
separate. 
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The following figures are typical ol an 11,000 toU turbo- 
alternator winding:— 

Width of slot .as 1*0 inch. 

Depth of oondnctore ... ss 2*5 inches. 

WidUi of conductors... = 0*6 ineh. 

Thickness of insulation as 0*2 inch. 

Thickness of sefmrator. as 0*2 inch. 

From the ahore values aa: 0*333. 


Fig. 11. 



Oarree giving tb« temperature indicated br an embedded temperature- 
detector betwemi tbe two layers of a stator winding. 

If the separator were alMent the detector would indicate 
92*5 per cent, of the total temperature difference between 
the conductors and the core. If the detector were inserted 
in the mbldle of the separator we should have a value of 

1*5 for ^ an observed temperature difference of 

77 per emit, of ^e actual value. Tbe detector, however, 
would probably be placed on one side of the separator, ana 
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in this <mse woqM iodicate about 83 per cent, of the total 
tempeiature drop iu the insulation* 

If this machine were designed to give an indicated 
temperature rise of 80^ C* above ambient by the embedded 
temperature detector and if the temperature rise of the core 
iron were 40^ C, then the teiii|)erature of the conductor 
would eaeeed the recorded temperature by 

40 X 8® C. approx. 

insulation in contact with the copper is therefore 
subjected to a temperature 88® C. above the ambient air. 

V. The Fi.tTX*D istribution associateo with a Grooveo 

Pole-face. 

(a) AnalynM of Prohlmi^ 

For some time past it has been a common practice to turn 
circumferential grooves in pole-faees, partieuiarly of turbo- 
alternator rotors in cases where these seemed liable to over¬ 
heat due to the effect of eddy-current losses caused bv flux- 
tufting from opposing teeth. Tlie cooler running u liich is 
known to result from this procedure seems to be one partly 
to the better cooling cansed by the increased turbulence of 
the stream of ventilating air. and partly to an actual reiluction 
in the pole-face losses caused by the change in the eonfigara- 
tion of the pole-face and the flux-distribution along it. 

In this latter connexion a knowledge of the flux*distri- 
bniion round these grooves along a longitudinal section of 
the rotor is of interest as providing a step towards a 
complete understanding of the nature of the pole-face tosses 
in this case. 

If the length of the air-gap were small compared with the 
width of the projection between adjacent grooves the flux- 
distribution could be obtained from tljat due to a single slot 
of finite depth as considered in section III. of this paper. 

However, with the turbo-alternator the air-gap will 
usually be several times the width of either the grooves or 
projections^ and in this cmse a better approximation can be 
obtained by taking the flux-distribution round the grooves as 
due ^ flux sireatning to the rotor surface from infinity. 
The flux-distribution is expected to have become sensibly 
uniform at a distance from the rotor surface e^ual to the 
lei^b of the actual air-gap, 

^e variation of flux-density round the rotor due to the 
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main poles, together with snperitnptMed ripples due to 
the stator slots, will be corap^rively gradual, so that as a 
first approximation the flax-di^ribntion at any section may 
be treated as two>diiBensional. 

A symmetrical z plane fignre is obtiuned by taking a 
parallel strip of the field corresponding to hall a groove 


Fig. 12. 




The fiux-distiibntion round the citcnmferentisl groores of a tuiho- 
alteraator rotor. 


pitch as shown by OABCD in fig. 12, together with its image 
relative to the line OD. It is interesting to compare this 
fignre with the z plane figure of the previous problems 
(see fig. 1). 

Making the points 0, A, B, C, B correspond to values for 

of 0, 1, \f r jUnd ao respectively with negative values for 

k k\ 
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tl» image points, tiie transformation from tbe 2 ]^ane to 
upper half of the f plane it given by the bchwara theorem as 




(54) 


whence, on making the origins of the two planes correspond, 

^ » •« It# 


-j: 


^1— ^ (55) 

His integral is best calculated in terms of ellip^ fuTCtions 
by making the same change of variable as m tbe first 
problem. 

Thus let g s= so y to modulus i, 
also let h = i sn « to modulus k. 


With these substitutions tbe above integral reduces to 
. ( dn« T»/. I 


{ 


' A s 9 


n(9,«)}. 


(56) 


it*sn«cna 

The constant A can be determined by using the fact that 

as g increases through the value ^= 4 ^* - ® 

sudden increment)^ where p *= pitch of groove. 

Thus from equation (55), 

.(57) 

w dnm 

The constants k and « are obtained in terms of the 
dimensions of the problem by considering tbe point for wnic 


if- 


p-» 

1 9 * 


where 

and 

At this point 


d ss depth of groove, 
s = width of groove. 

g-i» 

tiberefore f *= * 

Since n(K+?1K^«) * (K+yK02K<$+/ 


ir« 

I 
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we have from equations (56) and (57), 




dna 




from which, on equating real and imaginary part*. 



. . . 

p dn» / 

(58) 

smd 

p tt \ dnm / ^ 

(59) 

In forms more suited for calculation purposes, the above 

^nations become 



d K /sin* 0 sin ^ cos ^ \ 

(60) 

and 

0 



, 2K'/sin*«8in ^8_^ -Z(«)'l + 1“ bii, * 

-* VV cos^i ' ^ 

(61) 

where 

sin^=«i, sin^sssna, sin^i = I’8n«, 


and 

r° F(^, 0) 

90 “K~* 



The moat convenient variables in this problem are ^ and^ . 

As in the previons problems, it is desirable to know the 
associated values of the parameters $ and ^ that correspond 

to particular values of - and and so Table V. has been 

prepared as a result of calculations and ^ 

iqTWtiona (60) and (61) and covers a range of values oE 

^ up to unity and ^ between 0‘i and 0'9. 

* In considering the further f 

to the uniform % plane we note that, m addition 
nature of the boundaries of the complete symmetocal h^re 
that have been transformed into ’ 

we have to arrange that the Hne OD which ^ 
formed into the imaginary aais of the r “ 

same potential as the portion OAB of the original figo . 
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The first step is to simplify the problem w that aW ^© 
boundaries w© wish to fix ar© xeprMented by the 
a plane, and we do this by transtormmg the first 
of the ? plane into the top half of an auxiUary plane whicli 

will be called the f, plane. . 

By the Schwarz theorem the necessary transformation is 

® .(62) 




ana on making the origins of the two planes correspond 

.(»'3> 




Table V. 

Values ol 0 and if> in Degrees for Grooved Ilotor Problem. 




O’! 



07 

0*0 


r 






-=01 

t 


„ 320 

.. 83‘S 

71-1 

3«KI 

58*3 

41-5 

44-5 

55-0 

•.ftS‘7 

6 

II 

•tl ‘so 

C;;;: 

.. 52-.’i 
.. 801 

54*0 

784 

561 

7IHI 

601 

60‘J 

70t^ 

‘^=0-5 

C 

.no 720 

... 887 

732 

84*6 

743 

809 

76‘3 

767 

811 

7li 

- =0^5 

$ 

C::: 

.o, SIO 
... 80*2 

82*4 

87*55 

^*95 

85*9 

837 

8S-85 

81-3 

‘^ = 1-0 

f 

C:. 

... 80 3 
... 80*65 

ar.5 

88*-^5 

8675 

88*0 

17*15 

87*2 

88-2 

86-0 


Sfnc (hi. i. only •“ B rlTri”" 

convenient to choose the constant li so uiai 
f as i. Thus from equation (63), 

B-A.(W 

and ^Ti * 

Noting ttat *» «“ “rtrip’o" AoTn'fo™ 

Imilnrit, bolwoon th. 6gon« to 
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th« varions planes the strip in the ^ plane is taken parallel 
to the real axis, and as the €ax lines go in this direction we 
take where ^ represents potential. 

1 1 
The point for which t = -i-aod thereforo =® ~r~ 

*1 «i* sn* ct 

has now been taken back to infinity as in the original z plane 
figure. 

By the Schwarz Uieorem the necessary transformation is 

Making the origin in the x plane correspond to the point 
ss 1, we have 



dti _ 


2C 


sn<xcn« 


arc sin i sn at 


{■ 


(1-1*?*)* 


(1 — A:*sn*«. 


}• 


i67) 

( 68 ) 


To evaluate the constant C we use the fact that as f 

increases through the value J , that is, as increases through 

the value , there is a sudden increase in voE amount Wo 

where is the amount of flux entering the rotor surface 
per half groove pitch. 

Using equation (67) this gives 


C 


.snacna , 

— ff,, 


(69) 


and substituting this value in equation (68), 
The flux>density at any point is given by 


. (70) 


dx_dx dCi rf? 

^~'dCi'd~rdz' 

On using equations (66), (62), and (54) after inserting 
the values of the constants given by equations (69), (64), and 
(57), the final expression for the flux-density becomes 


OS p 


_L_ 

(r-1)*' 


( 71 ) 
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The mean flax-density in the air-gap is given by 
2^0 


B. 


and so 




dz 




(72) 


(b) Practical JJcduetiaM* 

(L) Fltm^Denmty on Gromed Surface* 

Along the top of the projection between two r5«f 
minimnm flnx-densiiy Bi occurs at the middle i^int wher 

5 2 = I; therefore ^ 

Bi * B^xdD« ^^_ p ^ 


“ cosfl’ 


(73) 


where $i = arc sin (sin 6 sin ^). . « 

Along the bottom of the rotor grcmve the 
density B, ©wars at the mid-point where ?= «o , therefor 

B, = B*xdn« 

ssBmXCOsA). . . . • • (i'4) 

Fig. 13 shows Bj and Bj plotted against ^ for a nouiWr 
of Talnes of - and obtained from the valnes of 6 and ^ 

^^bo*ul Jit^l» desired to obtain the variation of flux-density 

round the complete groove, this can be dene 

similar to that employed in the problem of flax distribution 

due to consecutive slots. . • 

Alone the bottom of the groove in going from the corner 
0 to thf centre point D. ? varies from 0 tern and the value 
of z in terms of ? is obtained by using toe © function serjm 
when evaluating the third elliptic integral in equation foS). 
Along toe side of the groove where ? vanes ® 
third elliptic integral may he evaliwted either fron ite 
© function series or directly from suitable tables. Alwg the 
top of toe projection betw^n the grooves (is gr«iter than 
unity, and here, again, tUe third elliptic integral can only be 

evaluated from Us series. « i ‘x 

In «wjh of these three regions, the flnx-deusity i.. terms 
of r tan he calculated directly from the simple expression of 
equation (72). 



IXeetfieal Machine Design involving Elliptic FuncAons. 141 

(ii.) The AdcUtwtfal Gap-Length Equivalent to the Grooves. 

An •xprwsion fmrtius ndditional gap>leng& is obtained br 
considering tiie extra potential reqoired to send tbe flux 
across the infinite {ptp dne to the grooving. This extra 
potential is given bj the real part o£ 

inn {jlC*** 


Hg. 13. 



Curves giving 6ax-densities «t middles of ptojection and groove oa 
grooved rotor. 


From equations (56) and (57), 
__ p fit*snotcn« 


ir\ dn< 




'£*sn«cnor 


dnt 


■n(?,«)} 

.Z(«)+ilog^^}. 
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Using eqnatioD (58) this simplifies to 

■ • («) 

To eTaloate the limit which gives the ei^tra amouiit of 
|K>l^iitial required^ let 

^5-: -- 

eo that t->0 as f——♦ 

k mi ct 

Now 

5 as F{f ♦^) as a + 
m that so bstitoting in eqnation (75), 



*[^fj(«+*+iK') + iIog 


e{2«+t+yK') 

eu+>K') 


} 




UTT 

2K 


. •r(2« + t) 


stn 




+ ilog 


2K 




. vl . . ’ivt . . . 

““iK”*'*‘"iK 


1*+_C . 1 

iil-JL:} 

. 5jrt / 
‘"2K •) 


From equation (70) 

.,2 . f 1 

Y =s^ -arcsm ^ sn»—ri *' I-» 


IS hence on snhstitnting 




And noting tiiai 
wre have 


Xrsn («+<) 
2^0 *= B,p, 


X*/ 


.p3m • f • •n«on(«+<) ^ 

— arc sin •< —» t—s-^— -/ . i I 

*• (. *'(sn* («+()—8n*«)iJ 


(76) 
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Taming Ais into the logarithmie form by the relation 
arcsin/u » j log {u+ (u* +1)*}, 

sn gen ( «- K)-Hcnfl!sn(g4<) 

^ tr (sa*(a + <)—sn*«)* 

Using eqnaiions (76) and (77), the extra potential 
required, due to the groove#, is given by:— 

Real part of lim 


(77) 


<->o 


pB„ Ulog 

1 


2 sn a cn* a 


dv 


sin 


Tra 


K 


. diroL 

■ 9 »sin ,, +, 


('-0 


4- lim J log 


* vt * . SttI . . 57ri 
Bin ^ ~f Bin 4 5 ^ sin ^ -- 


U log 

" I 


|pn (« 4 0 — SB « 
w sti acna (1 *^3^^ 4- 5^* 

K /T 


4 


...) 


sm^ 4 | 


^ yO - S )}- 

The increase in the effective ga{>length corresponding to 
the above amonnt of extra potential is obtained by dividing 
the latter by the potential gradient or flax*density in the 
uniform field at a great distance from the grooved surface. 
This potential gradient is given by Bm, so that the additional 
gap-length is 


hg 


^log 


{ •n sn a cn « (I— Zq* + 5q *— ...) "i 
K dn« t . <s» , . ‘irra . \ v 

■)/ 




(78) 


Patting this in a 
purposes, we have 


form more suitable for calcnlation 


hq 1 p. I w sin ^COT^ (1—3^+5^*-— ...) i 

~s 27r s l tC cos $i (sin Sr^—jr^sin 6r° + ...) / 



(79) 
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Ti» employed is tiw same as in the preTions 

problems, so that the Tsrions qnwatities ioTolvod in the 
above formnla we obtained directly from the two parametere 
0 and ^ by the following relations:— 



K and = complete first elliptic integmls to modakr 
angle d, 

0x ss arc sin (sin 6 sin ^), 

r«_F{4,d) 

96*“ir“ 


Fig.14. 



Using tiw valnes of 0 and ^ given in Table V., the cnrrmt 
filg. 14 have been calculated from equation (79). These 

corves show the value of “ plotted against - for a 
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Domber of valaes of Over the whole range of casee 

covered the numerical value of g is so small that only the 
first two or three 1»rms are required in evaluating the two 
series involved. 

The values of ^ for the limiting oise where - =1 and 

the projections between adjacent grooves have zero width, 
were calculated by considering the simplified transforma¬ 
tions bolding in this case. The required limit reduces to 

lim 2-log, ~ j- • • (80) 

The limiting case where the grooves are of infinite depth 
was dealt with In a similar manner, the additional gap-length 
in this case being given bj 



+ (l-plog,(l-*)|. 


(81) 


From fig. 14, it will be seen that when the depth of the 
groove is greah^r than its width it hus'no appreciable effect 
on the additional gap-length. 


(iii.) Gap Cofficierd K^jor Air-^gap of Finite Length. 

Owing to the fact that the flax distribution in the case of 
an infinite gap rapidlv becomes uniform away from the 
grooved surface, a reasonable approximation to the value of 
the gap coefficient for cases where the gap-length is not less 
than several times the groove width can be obtained by 
taking 

Gap coefficient =ss -= 1 4 - ? , • (82) 

where — is obtained from the curves of fig* 14* 
s 

Engineering Depwtnamt, 

Britieh Tbomeon-Honston Co. 1^., Bugby. 

Much 1938. 


FML Mag. 8. 7. Vol. 6. No. 34. Jalg 1928. 


L 



146 J 


TX The Theory of Wave Filters eontainima number 
^ (dSeSons. *i/HAKbi.DA.WHBW.iSH,J5.S. wPV.,o^ 

D. M A., nf, 

4tf Aj^Ued Mathematics, Johns U(^kins L ntterst j 

I. Ihtbodtictiodi. 

end bears a ratio to the impressed roJtage which is a tuuction 
«f of alteriiatioi.. In the present uses to 

which filtere iirTput, it is desirable that this 
^constant in certain predetermined te 

transmission (pass) bandstand as **«*«;* ^*“^'^ 
remainins snppression (stop) bands. The degree to 
this condition can be realized determines the merit of any 
Sven filter. The location of the frequency bands depends 
the structure uf the recurrent sections. i « 

C “J«n«-r.Mo Unction, of th. frcqncnp- c.n W 
m terms of determinants. The simplest deter- 
mC^f this^pe—B» in Part V. of this pa^^r—was 
evalnated fifty years ago by Ilayleight m 
Uie problem of determining natural frequencies of 
of I loaded string. The complete determinant, j')* 

was wiven bv Pupin t» at»i evalnated by a different 
method. The most extensive study of the wave filter has 

been made in connexion with Iwde^ the 

based on Campbell’s solution of the infinite hjm §, t»« 
filter with an infinite number of section*, ^e real dis 
tinction between the infinite line and the finite line is the 
nresence of reflexions at the terminations of the latter. The 
Lhavionr of a finite line is similar to that of the same 
nnmber of sections in an infinite line, when the terminating 
imnedances are so chosen as nearly to avoid reflexions, so 
tff the infinite line solution has been found ve^ useful. 

InThe Jtotent paper response formal* are develoi*d for 
finito Smphell filtew, so that reflexion# are taken a^unt 
*£ “iur/b.™g f We ewciel »ljmUnent of aie ecJ 
«lom.a«llj lekicg .ccom.t of 


J Proc. A, I. E. K. xvi. p. 08 (1^). 

\ Hell System Tech. Jour. p. 1 (nov. 1W»> 
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Pmrtietilar atteniioa in given to the non-dissipative con- 
stant-K type filter, terinlnated by any values of resistance* 
Tlie M-derived type, dine to iSobel is also treated, and its 
advantages over the former type are shown. These response 
formulae are useful in that they show the deviations from 
the ideal perforitiance and from the approsihiiate ^luiion 
^ised on the infinite line. The solution for the latter ideal 
mm Is then obtained as a limiting ease of the solution for 
the actual finite line, and the cKpressioiis for the itemtive 
impedaiK^ and propagation exponent are derived* 

The natural fre<|«encies of finite, conservative lines of 
reeitrrent structure are of theoretical interest, and bear a 
close relationship to the filter properties of tire same lines. 
On applying our method to this problem, a convenient 
graphical solution, which is applicable to lines of any re¬ 
current structure, however complex, is obtained. In this 





Wnvt* filter with mid-series fcermiuatioas, (a—1) isaetioas. 



connexion two variations from the recurrent line will be 
described. The first may be citlletl an exponeutial line, and 
is built up of sections whose imf>eda»ces change in geometric 
progression from section to s^iction.^ The second is an 
atrernnniig line with two recurrent sections In alternating 
auecession* 

Throughout our paper the terminology atid notation 
generally used in papers dealing with tlie electric «ave 
filter are atlhered to. The term ** trequency denotes the 
number/of cycles Mr second ; the *’^aaralar frequency is 
the number m of raaians per second, so tnat msz2wf 

11. WAva-FiwsB ( Trci its, Mid-Series TERMiKariojssr. 

1* Tbe Solutim for a Finite Line, —Fig. 1 shows a 
Campbell (loe. cit.) filter circuit built up of recurrent 

e ^]| Systw Tech. dour. ti« p. 16 
ht 
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sections (Zj, 2^) and terminated hr input and ontpnt circuiie 
fZ., Zs) connected at mid-series terminations. 1 his net¬ 
work of (n—1) sections gives rise to a system ot n linear 
equations in I„ I„ ...I« the currents in the 
meshes #f the network. Eo denotes the applied alten g 
voltage, and 1„ E*... E, denote the resulting voltages at 
succ^ive pairs of terminals along the filter. Z denotes an 
electric impedance of any character, in general a complex 
function of the frequency. The equations for the currents 
in the successive meshes are 

Eo=Ii(4Zi-1-Z«)+ (I,-Is)Z* 


0=(I*—li-OZs+ItZi + Cli—Ii+i)^ 


0= (In—4- I*(4Zi -f Zi). 

It is convenient to introduce the following notation 

Z, K« _ Z» 

cosh r=M>= I + • *®*"“ ’/,, ’ 

so that r, w, iTa, and tc* are functions of the frequency 
Our equations take, then, the form 

0~ —Ii_; + 


0 s= — I,_i + (tt? + ir01«- 

The determinant of the coefficients is !)»(«, fc)» lart 1 
in which the cofactor of the element in the first row and 
last column is unity, so that 

I -Eo I _ 

6i* 

We may define a response function G, as the mtio of 

output voW »PP**®** 

we teve 
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for a filter ot (n^l) sectioBS. The correspoxidiiig ratio with 
00 filler seetioBi interposed (n—lasO) is 

il — ^ 

Ib the response solutioBS to be developed^ it is most 
coBTenient to solve for the relative response ratio 

Gti-Dnia;by 

which shows immediatelj the resolt of interposing the 
(#» —1) filter sections between the terminating impedances. 
The r^iprocal of this ratio is given by Eqs. (14) and (15) 
for the general case. 

2. Iteratke Impedance of Infinke Line. —Fig. 2 shows 
a segment of (« — 1) sections removed from an infinite line. 


Fig. % 



Wave filter with mid-senes termlostioas, arranged to assimilate 
a segment of an infinite line. 


The remainder of the line on the left (input) side has been 
replaced by its equivalent impedance and the 

remainder of the line on the right (output) side is replaced 
by its impedance K|. This equivalent impedance is known 
as the iterative impedance of the infinite line. In applying 
the analysis of the preceding paragraph to the present ease, 
we note that EossO (absent), so that I)it(aj A) must vanish if 
the other voltage are to exist in the line. Since we desire 
a solution independent of n, we note in Eq* (13) for D,i(a,fe) 
that the even powers of {n —l)r are concentrated in 
cosh(n— l)r and the odd powers in sinh(a— l)r. The 

• Any geasn^r circuit coauected to aa impedam^, ma^ be 

represent^ as the negative impedbnee, —mnm tim termiw^ 
voltage E of the generator circuit is equal to that of the impedance, and 
the current into the former is —I,Jthe reverse of die current Into me 
latter. 
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expreesiea vanishes for all valnes of n when the two re¬ 
spective <»efficfents are equated to zero: 

«>,io*+8inh*rs»0. 

It is convenient to substitute for this case 

K 

= gr , Wa = — w*. «h *® 

Then the two coeflBicieiifcs vanish wlie» «?!:««sinh F* Smce 

oo8hr = l+^^: sinhr=Y/^y^l + y^^, 

coshir=YX 

and therefore 

K»» 1 + 4 ^ = . cosh AP 

w Ibe re<]i}tred iiiipedane#, 

3. Propapmtimi 0 f Infinite Line. —^The finite 

line behaves as the same ntimlier of ^tions in an infinite 
line when either or both of the terminating inijieiiaiiees are 
made equal to the iterative im|iedani^, therebv avoiding 
repeated terminal reflexions. We have 

2%»cKi, te«=:tr45Btstnh r ; and (or) ir&sa£ir 4 ;«:sinh I\ 

m that Eq. (15) reduces to the simple form 

Gi “ D*fa, b) ~ - «sp -1. (1) 

The latter equation defines the propagation exponetit T in 
^rais of the voltage ratio across a single mciion^ while the 
former equation gives the voltage ratio acr4^s (fi---l) 
sections, in an infinite line. 

13ie propagation exponent is complex in genera^ and we 
write rsaA-hiB, where the attenuation ex|io«eni A accounts 
for ehanges in magnitude of the voltage from section lo 
section, and the phase angle B accounts for the oorreiponding 
phase displacements. 

♦ The usual term ** propagation conataut ’■ \» mtiileadl^, «ittce the 
qtiaitttty is net eooatant but a function of the frequency. In mum 
flbe t4^ii3S ** coefficient,*' •* factor,** etc., are to be preferi^, since they are 
descriptive, and do not imply conatancy. 
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The Telocity of propagatioa may be defined as 

V =sE g (sections per secKmd). 

If an irregolar waTe is to be fcransmitt^ without distortion^ 
the Telocitv must be independent of the frequency, which 
requires that the phase angle Tarv in proportion to the 
fr^uency* 

Ijie ideal uaTO-filter is non^dissipative. By this wo mean 
that there is no power dissipation in the filter sections, but 
only the unavoidable or required dissipation in the termi¬ 
nating circuits. In this case Z| and are imaginary, as 
explained in Part VI., making te real. The field of w is 
then logically divided into three parts, in which F is real, 
imaginary, and complex respectively. The frequency bands 
of the filter may be ciassified in this way, since each value 
of w corresponds to one or more frequencies. Such a 
ciassiHcation follows. 

Direct-suppr€N«sion (stop) bands: 

+<x>.^A^O, B sss 0, 
tc ^ cosh r » cosh A, sinh V ^ sinh A, 
cosh f r sst cosh ^A, sinh == sinh ^A, 

Transmission (pass) bands: 

-hl>te>-l, A=:0, 0<B^7r, 

w ==r cosh F « cos B, sinh F » t. sin B, 
cosh =s cos^B, sin ^F « i ,sin |B. 

Ueverse-suppression (stop) Imnds: 

— O^A^-h^,’ B=w, 

w ss cosh F 5= — cosh A, sinh F — sinh A, 

cosh |F a« I. sinh ^A, sinh |r = t. cosh i A. 

In the iranitnission bands the attenuation is aero ; in the 
direct- and reverse*e«ppression bands, respectively, there is 
attenuation without or with reversal of polarity across each 
swtion. The boundary between a transmission and an 
adjacent suppression band, ± 1, corresponds to^ a cut-off 
frequency /«. The boundary between adjacent direct- and 
reverse-suppression bands, ±^, corresponds to a fre¬ 
quency infinite attenuation. 
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4. Mespama of Mon^Di$sipaHve Finite Lines with Resistance 
Tenmnatims.—In the alienee of the theory of the present 
paper^ Eq. (1) ha« been tised as an approidmate solution for 
ihe finite line, nearly correct when the terminating im* 
pedanees are approximately equal to the itemtive impeimnoe* 
The errors in ihe approximate iN>lniioti will appear in the 
following discussion. 

We will proceed to derive the response formulse for 
iion^iissipative filters with a finite number of sections and 
with resistance terminations. The non-dissipative condition 
can be nearly realised in practice, so these formula will 
represent very nearly the actual performance of such filters* 
In these imses Zj and Zf are imaginary, while 2%^]^ and 
are real, so that we have w real, tr« and imaginary. 
The response formula is then given by Eq. (16), since 


On substituting 



we have 


G, * 

h) 

g; * 




and 


sinh 


K, 

z;’ 


Gfn 




( 2 ) 


In transmission bands this becomes 


Gi 

(in 


(R,*-K,*KR»*-K,*) 




(3) 


When Raa=B«*=R*. these lormolie simplify to 

and^ in transmission bands, 


niese formnlae will be applied to examples of two classes 
of filter desiji^s, the con8tant>K class and the M*derived 
class. 

The (»>nstaat>K class of filter stnictares, doe to Campbell, 
is characterized by the condition 

Kc (constant^ real). 
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Fig. 3 shows a filter of ibis class: 

1 


h 

iwC,’ 


Z,*i«L„ Z,= .p-r, Kr. 

The cot.ofiE frequencies are determined by 

2 

was I—-i^LiCjSS ± 1 : ®e=0, 

Since one cut-off frequence is zero, this design is called 
a low>pas8 filter. Because of its simplicity, it will be used 
as an example in tlie snexmeding developments. Formnlse 
derived in terms of F are readily translated to ea by noting 
that 


1—coshF ee 




»e 


= +t.sinh^r. 


Kat. 8. 



iLi 1 

r-W—0 -1 

iL. J 

= Cm Cm —j 

= kbK^-'Rwl 

____ 1 

...O. ...i 


Lnw-paas filter, coustuit-K class, mid-series twminationt. 


In transmission band, -- = sin ; in reverse-suppression 
band — = cosh ^A. 

Having defined the constant-K class, and given a low- 
pass filter as an example, wo proceed lo develop response 
formulm applying to all filters in this class. Since K« is 
constant and real, the iterative impedance and the termi¬ 
nating impedances are conveniently expressed in terms 
of K«: 

Ki*KeOoshir, Z»=Ri=:I»K.. 


Substituting in £q. (2), we find 

Oj 1*=. 

G,j (ifea + i»)*cosh*jr 


This simplifies for ife,m:ij=l to 

sinhHr 

I&.I 4.cosh*if 


sinh*(n— l)r. . 


. (7) 
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While the above expreraions are real, tliey involve 
imagioarj qoantHiea^ so tnat for compntotlons it is dMii«ble 
to vs rite an , individual foriiiola iu terms of tire variable 
component of F in each class of frequency bands. Making 
Ae necessary substitutions in Eq. (7), tor example, we have 
the following expressions for the several fr^uenc^ bands. 

Direct-euppression luinds; This c»se is impossible in the 
oonsiant-K class of filters because Zt and 2^ are imaginary 
and Zi^ is real, making Zt/2ig negative and wSl* 
Transmit^on bands : (Ki=Ke<M>8fB>. 



s 

*» 1 + 


sin^B 
4 . cos* ^B ■ 


sm*(n—1)B. 


(8) 


Fig. 4. 



Reverse-suppression Wnds : ( Ki = rK* sinh |A). 



«14 


cosb^^A 

4,sinb*|A‘ 


sinh*(}i—1)A. 


. (9) 


Indeiennitute valoe: 


A»0 


smb*(«-I)A^ 

4. sinh* 4 A 




|l *=l + (a-l)» (10> 


Fig. 4 is the response curve of a tbree-seotioii, low-pass 
filter with B.«R6*=K„ computed by fonnnlm (8), (9), 
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and (10). The dashed line (exp -3A) is Ae approximate 
carve based on the voltage ratio acrow tbe same number of 
sections in an infinite line, Eq. (1). TJe dotted line shows 
the maximum deviation from nnily of the response curve 
for anv number of sections. The computed response curve, 
within the transmission band, oscillates (n—1) times between 

the dotted curve and unity. , , ,, a: ■ i 

From Eq, (6) it is apparent tWt the coefficient of 
sin®(n--l)B <»n be made to vanish at two values of B, 
within the trananission bands, by making 

1 = cos iB« ^ = cos pft. 


Fig. 5. 



The departure from unity of the re^mnse curve can be 
reducwl to a minimum by making this coefficient 
two values of B for which 8m»fn-l)B has its maximum 
value unity. Fig. 5 is a respon-se curve of a two-s^tion, 
low-pass filter following this plan, confuted by JJ.q. W- 
The value of sinSSB is unity wlien 2 B=|wor we 

take B« = fir and B» = i*", so that cos JBa ■» > 

COS 0’92, 
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Tim second term in the response formnlaa is the result of 
repeated lerminal reflexions when neither terminating 
impedance is equal to tlie iteratiTe impedance. In the 
foregoing ^^Lample snob reflexions were redneed to a 
minimum by ^e choice of terminating resistance values. 

The M-derived class of filter structure, due to Zobel {loo. 
^*), more closely approximates a constant iterative im* 
pedance. Any structure (Zt, Z 3 ) in this class is derived 
from the corresponding mmtmUK structure (Zjo, Z^) by 
the following substitutions : 


^ r/ 

Zjt *** niZi0 ^ m 




The derived Zj comprises tlie two impedances, mZt® and 
connected in parallel. Fig, 6 sho%vs the low-pass 
filter derived from the constaut-K structure of fig. 3. 


Fig. 0. 

m ^ 

fW" rWi 



Law-pass filicfi ]kl-deriTed cSsfS» »iid«»arie« termiimtioa^. 


KWe will procaed to derive the response formula; for Uie 
M-derived class of tillers having 

R,=sRtasH‘^ 3 aKe= VZipZ» (constant, real). 

It is required to know the iterative im|>edance Kj, expressed 
iQ^ierms of K, and F, for substitution in Eq. (4), Since 

K,= VZA-cosbir, 


g^ = o«hirv/|.^. 


Becalling that 


cosh |r 


€^sh r«B 1 + 
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we have 




. coshr—1 Z| Zio 

from which 




Tliia gives 


1 - 


1 — m* . 


m' 


sinhHr 


K 


* sscoshiP Vl— 
1 - 


1—m* 
w* 


Iv, 


K, 

lU 


isinhHrd-c.coshHn 

cosh ^Fv^i — f. sinh* jF) 


where c 

Theo 

"“k; 

Ks 

Substitating in Eq. (4), 

I 1*^ 1 _ . sinh* (n-l)F. (11> 

j G« j 4.co8h-irtl—‘<’sioh- iT) 

The M-tlerivetl ami oonstant-K clashes merge when 
jiinl w^ssl, r = 0, making Eqs, (7) and (11) identical, 

Thb lust formula simplifies somewhat when 

1 l-^tn^ ,, 

0-58, 

and this value is in accord with design practice. Making 
this substitution in Eq. (11), 

1 r _ 1 _ rt,-- (« -1)^- (12) 

— 1 4.coshHr(l—2.sinh‘Hr) 

Fin. 7 is a response carve of a three-section, low-pass 
filter of this design, showing a close approximation between 

the actual curve given by Eq. (12) and ®Xl 

(exp - 3A). This reponse curve very closely app,<mehev 

the^ideal condition of uniform response 

mission band and immediate cut-off at the edge of the 

Wth F as the independent variable, it is nece^ry, 

before plotting the dear's; 

of frequency. Tlie cut-off frequencies of the M-denveA 
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stmctures are equal to those of the correspoading constani>K 
strnctnres. For the filter (L,o, C») of figs. 6 and 7, 


to*l+ „ 


Zi 


2Z, 


a+ 




10 








gives 




and 

4 


4Z« 

Then, from the preceding results, 

^ _> —sinh^ir 

-4^- 8inh» p’ 


F.g. r. 



«* sin® IB 

tef ** m*+ (1 —m^jrain® ’ 


in the reverse-suppression bmd, 
s»* _ 

«7* ** in?-f(l--fn*jico8h*|A ’ 
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asd in tb« diraci-sappreisipn iuind. 
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sinh^lA 




The janetian of the two suppression bands marks the 
frequency of infinite attennation: 


A » «o, 






b/l 




III. WATE-FiLTBIt CiBCtTITS, MtD-SHCHT TEBMDiTATIOH. 

1 . D^Urminani Sotution.^Wip 8 shows a Campbell filter 
circuit similar to fig. 1, but with the sections (Z|, Zg) re¬ 
arranged for mtd^shunt termination. This network of 
(it—1) sections girc^ rise to the following system of n linear 


Fig.S. 


Ei Ea E|^ 



Ware filter with mid-sbtmt tenuiaatioiis^ («—!) sectiom. 


equations in Ej, Eg, the voltages at the suTO^sive 

junction-points between sections: 

z, “z; ^ 


E»-E*., , K* , B*-E*« 


e;-b,_, . e, . e, 
-- +22,+ 


z* 


* 0 . 


Upon iotrodnmng the nototion. 


C(Mdiraswasl + 



Wa= 


Zt 

2;* 




5«. 

z. 
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these eqaations take the form 

(tc + Wb)Ei—E* s= WeEe 


■ E*-i+2i»Ef—E*».j—-0 


—( 1 P+ i^)E«— 0 . 

The determinant of the coeflBcienU is &)» as Iwfore, 

and the cofactor of the element in the first row and last 
column being unity, we hare 

IP 

D.(a, t)- 

The response ratio is found as before; thus 


G 


E, w. 

Eo“D,{a,ft)’ 

G. _ tc«+w» 

G, “ a(a7ft)' 


Gj = 


E. 


Zs 


Eo Za + Zt 


_»a _ 

tC, + tPj 


This relative response ratio is equal to that of Part II., and 
its reciprocal is given by Eqs. (14) and (15). 

Theonlv real difference between the analysis of the niul- 
shnnt structure and that of the mid-series structure w the 
difference in the substitutions and ff# ; the noce»*arv 
modifications of the solutions in Part I!, will be descnln-d 
briefly. 

2. Iterative lrnf>e(lanee.— ^\\o mid-shunt iterative im¬ 
pedance is denoted by Kj. Corresponding to the mid-series 
solution, 

. . K _ \/Z|Z« ^/ZiZ* 

t(7t=:sinbr, Ks=— — « 


*Z, 




3 Ftopagalion Esfponent. —Since w is the same for ImA 
strncturei there Is no change in the propagation exponent V, 
determined by ^ 

pss toss I^. 


4. IU$pon$e of Finite Tbe general resfmnse 

formnlie gi"*®® ^ **■* 




Wav0 ^/aaining a finite number of Seetums. 161 

correct £or the mid««btmt case, sobstitotini; Kj for K^. The 
formulae giveu for tiie coBstant>K clogs of filters are correct 
for the latter case, after substituting the following definitions 
of ka and kt : 

fT —I} _ >7 _!} _ 

^ -a-. » 

Therefore figs. 4 and 5 apply interchangeably to both 
structures. 

The M-derived class of filters requires a different recurrent 
structure for niid*shont termination, which will not be 
described here; bat, with this modification, the same 
fermnlae and the carve of fig. 7 are applicable. 

IV. FbEE 08CXtI<ATIONS IN CONSERVATIVE LiNBS. 

1 . The Solution for a ReeurreM Line.~Th» problem of 
free oscillations in conservative lines is generally familiar. 


Ze 


Simple recurrent line «ith open ends, (2a -pi) dements. 

and it was in the solution of this problem that the elementary 
wave-filter determinant had its origin. After de«:ribiDg 
the simple case, two farther cases will be treated, each of 
which has an element of novelty. The determinants referred 
to are treated in Part V. 

The classical example of the recurrent line is the ^ri- 
odicaliy loaded string; in solving this problem. Lord 
Rayleigh evaluated the determinant D,. The electric line 
shown in fig. 9 presents the same problem ; we shall solve 
for its natural frequencies of oscillation. Proceeding as in 
Part II., we have a system of n linear equations in terms of 
the currents, Ii, in the successive mmbes of the 

line. On snbstitiiting 

OOSh r S3:tt3ssl+ 

pm. Mag. 8. 7. Vol. 6. No. 34. July 1988. 
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tti before, the eqaetioa* t^e the form 

OsssSn^Il*—If 
♦ • * * ♦ 

0 « 


OsS —►lii-.J + 

The detOTminant of the coefficienta is D„ and the <»nditwn 
for solatioM oJber than zero is that 


„ sinh(n+l)P 
0*D,= — 


o*».= --ienr”’ 

which is satisfied only when TssiB, A= 0 ; hence 


sin (m + 1)B 


Fig. 10. 



ExpoaeBtial line with dosed ends, (2»+l) elemenu. 


so that 


n+i’ 


k^l, 2,... n. 


For anr given stractore {Z„ Z*) there are one or more 
nSiKqoencies corresponding to each of the « solutions 

Graphical solutions for the natural fr^uencies will be 
mvo^Tot the two succeeding cases, which are more nor* 

^ j *1. Tf is io oot# thflit til# 

.f .l.n.»0 ta th. lin., 

Sriito^ds bounded by the cut-oflf frequenoies 
ttidi aTffode^dent of the number of secUons, depending 
Jnly on the propt^ of the recurrent structure. 

2 Esi>on^ialLiMu^h€lo$edEf^,--mg. 10 ^y>om 

eaoonenSal line similar to the sanple reenwent line, hut 
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batli sp of impedances increasing in geometric progression 
along tbe line. Proceeding as in Part III,, are have a 
system o£ n linear equations in terms of voltages Ei, Ej,... E^ 
along the line 


«=- ps=iz; ^ A*»+iZi h^z, r 

On substituting 

cosbr=iu=i(A+ ^ =1+ ^ 

the equations lake the form 

0=2wEj-|.E, 


0=—AE*_i + 2«!E*— i.Et+j 
a 


0=-AE„-i + 2wE,. 


The determinant of the coefficients is D*(exp), so that the 
natural frequencies are determined by 


0=::D„(exp)= 


sinh (n-f l)r 
sinhr 


This condition is satisfied only when r=iB, A=0, as before: 

hence B=, A=l,2,...n. 

»+l 


The natural frequencies are then determined by the 
solutions for B. 

The natural frequencies of any recurrent structure, however 
complex, are readily determined graphically by the use of 
the chart of Part V., fig. 14. As an example, fig. 11 shows 
such a solution for an exponential line in which ZiasneLi, 


Z*= 


tOfC^ 


The semicircle B is divided in (n+l) equal 


parts, and each ordinate, corresponding to toscosB, is 
projected on to the curve The oorresponding abscissse 

are the natural frequonoios. For any number of elements 

M3 
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in the Une, the solotiooe all lie between the cat^ff 
frMneooiee e», corresponding to war +1. 

tuieae firee oscillations nuif be regarded as standing wares 
resulting from terminal reflexions, which are aroided, as far 
possible, in the dwign of ware filters. From this explanation 


Fig. 11. 



AhamatiBg line witii opwi ends, (Sn+l) elements. 


it is an immediate consequence that the natnral frequencies 
lie within the iransmission Imnds of the line. 

3. AUematmy Line mlh Open JSnds.—Fig. 12 shows an 
alternating line, similar to we simjde recurrent line, but 
hidlt up of two different sections recnrrlng in alternating 
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sncoession along the line. This type o£ line is sn^esied by 
a doubly loaded string described by Bom and von Ker man *. 
The prot^dure in tins case is the same as before. Upon 
introduction of the notation 


to 


f 





to"=l + 



the tt linear equations for the currents in the Tarious meshes 
of the network take dbe form 


0ss:2tp'Ii —Ij 

0=-I,+2to'I,-I. 


0 — I,_j-f-2ic"I,. 

The determinant of the coefficients is 'D,", so that the 
natural frequencies are determined by 

sinh («+ l)r 


0 = 'D= 


cosh Tss'^w'w". 


0 


^=*1, 2,... n. 


sinb r 

This condition is satisfied when TsssiB, A=0 : 
sin (n 4-1)8 kw 

ikTB ’ "“n4-'f’ 

The graphical solution, based on these values of B, is shown 
in fig. 13 for the structure Zi=i&>Lt, 

natural frequencies lie in two bands bounded by the cut-off 
frequencies e»«. 

V. Wav*-Fh,tek Detebminaxts. 

1. EXementarp Form .—The simplest form of wave-filter 
determinant arises from the analysis of the type of line 
shown in fig. 9, described in Part IV. Denoting it by D*, 
we have 


D, 


nth 

order 


zw 

-1 

0 

0 


— 1 0 
2tc —1 
— 1 2w 


.. 0 

.. 0 
.. 0 
« « 
.. 2at 




l%t. 2ci%. xiu. p. 303 (1912). 
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E,I„tog 

!L'S *. trW «>lt.tio» D.==<^ (« •'5,^^ 1 givijg 


**oosbr+8mhr»eitp±r. 

n.o„D.U.«n«r»mHo.ti.nof..p«r«»> 


„r 


r»sr. 18 . 



Di* 2»«2*<«>»'‘r-«,co»iir+c,«nbr 

,, • - ..^1 And Cjsscotbr* 

D,« cMb«r+o*tbr ,«iib nr. 


and 


or 
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li is importaat to note that the oefactor of the elemeot 
in tiM first row and last column of D, is niuij: 


(-1)— 


(n-l)lh 

order 


1 

0 

0 

0 


2u> 

-I 

0 


-1 

2fo 

-1 


0 0 




2. Midf Termination Form .—The most nsefol wave-filter 
determinant is that which arises from the filters shown in 
figs. 1 and 8, Parts II. and III. This determinant is 


D,(a,i)> 1 

W + Wa 

-1 

0 ... 

0 


-1 

2a> 

—1 ... 

0 


0 

-1 

2w 

0 

nth 

♦ « 

• < 

• « * » 

• * 

order 

0 

0 

0 ... 

W + W(^ 


which is similar to one evaluated by Pupin [loc. cit.) by a 
method o£ infinite series. D«{a, h) is readily expressed in 
terms of D*. Writing the terminal elements of the princijml 
diagonal in the forms 2iP + (mo —«?) and 2H> + (wt—w), it 
appears that D,(o, b) is the sum of four determinants: 

D,(a, 5)*D,4- mj)D,_i+ (*P4—a»)D,_j 

+ (tC„ — «7)(«7a — tc) D,_ 2 . 

But 

D.-2wD,.,--D..„ io=coshr, D.= ®i5^^^,etc. 

Hence 

D,(a, d)=(w«+ ii?6)(D«_i--wD»..j) i- l)D »-2 

, , .sinhnP—coshrsinhfn— l)r 

*(w«+tci)-— ^^ 


Also 


smhr 

+ (w,t04+sinh»r) 


sinh nP—cosh P. sinh (n— l)rss |. sinhnP—| .sinh (n—2)r 

sssinh F .cosh (n— l)r, 

so that 

®»(«» ^)*“{w*+w») cosh(n—l)r 

. +!f!5^+^^8inh(n~l)r. . (13) 
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•fhe mostooorenienfcaBd aseful expressions of this resnlt are 


P«fa,t) 

/ («.-8inhr)(igt: -gphI^- 1)F, 

*exp(«—l)r+ ^+W6)rinhr 

* * * 

sDc. co.b(»-i)r+i«ni.(.-i)r-~p(”-i)r- 

For !». in the .nnlyds «f n«n-dWp.ti.e 
and III., the modnlus of this complex expression is reqo 

in ^e case of , . ■ „ 

to real, «?« and icj imaginary. 

• 19 1- 1 8inU(«—Ur 

This makes cosh(n-l)r, te.tOb, sinli’T. and 

,U re.1, IK. th.t in (14) the lir.l tnnn i. r»l .n J ^^"'1 
um i im.gin.ry. Mnltipiy.ng (14) by lU eonjug.!. 
imaginary, the square of the modulus is 

M/ IIP— r "t —” —r ,,1 sinh* {n — l)r 

scosb (n 1)" |_^tc„ + ioj) sinhl J 

ss cosh* (n—l)r 

_ r (tOa —sinh 1 .4- !~1 sinh® («•” 1)1' 

L (tOa + Wjjsinli r J 

(to,—sinh 

* ^ +lOfc) sinh r 

(■«?«—8inhr)(tot—sioh ^ sinh*(n —1) F 

ftoJ-sinh*D(iot»-8ioh*r) ..„hir«-nr. . ( 16 ) 

*1- P.+io )*sinhM 

When dnhr»0, tile indeterminate forms are eralnatedby 
msJkiiiE 
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3. JEsponeniial Line Form .—^This determinant arises from 
tile exponential type o£ line shoern in fig. 10, Part TV .: 

D»(exp} 5SS 2w — 1/A 0 ... 0 I («>l). 

—A 2u> —1/A ... 0 

0 —A 2w ... 0 

nth . 

order 0 0 0 ... 2w 

Exjwnding in terms of the first row, we hare 

D, (exp)=s2wD,_,(exp)—D h_, (exp). 

Also wo note that Dj(exp)s=Di, Dj(exp)«=sD„ etc., so we 
conclude that 

D,(exp) = D,. 

The cofactors in D, (exp), however, are difiEerent in general 
from those in D,. 


4. Alternating Line Forms .—The alternating line of the 
type shown in fig. 12, Part IV,, gives rise to determinants 
similar to D*, but with two elements in alternating succession 
along the principal diagonal. These forms are indispensable 
to some problems, and are capable of manipulation similar 
to the foregoing treatment of the elementary form. There 
are four distinct forms under this heading, differentiated by 
the different pairs of elements in the terminal positions of 
the principal diagonals: 


'Dn"= j 2tc' -1 
-1 2tc'' 

0 -1 

nth . • . . 

order 0 0 

I 2w' -1 

-1 2w'' 

0 -1 

«th • • • - 

order 0 0 

Then ''DJ and are 


0 ... 0 («even, >2), 

-1 ... 0 

2w' ... 0 


0 ... 2w"| 

0 ... 0 (n odd, ^1). 

-1 ... 0 

2w' ... 0 


0 ... 2w' j 

the same as 'D»" and 'D»' 


respwstively, except that to' and to" are interdmnged. 
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aa in ttie case of D., we have the equations 

. »» iT\ tt 


•Dn" rsW/'D,-!”-'!).-" 


4 f 


*D 




^MtSL in "d."/ Pio-Wtag •• J»Eo™. 

illation '.D."=r^- (« ririo^ 

biqimdralic aq^aition .t -^2(2u/ff/ l)jr+ — ♦ g $ 

**sss(2«/i/—1)± s^CSme'w''—I)*—!* 

Making the sulKtitution 

2to'to"->l ascoshSr, 4'w'w"*coshl, 

we hare 

X® = cosh 2r± sinh 2F * exp ± 2r, * * exp ± P, 

Then 'D«" is a linear combination of expnP «md exp-nit 

„ of c:.h»r ."■1 ri"k»r’ r.Hilo -i; 

ft ."a ft or. dotormiood by ih. ••imtl.l condiuon., u 
before, Ci=l and f,=coth P, so that 


'D."* 


sinh (n+ 1)1" 
sinh i 


Interchanging w' and makes no difference, so that also 


, 8inh(n+l)f 
^•“■”sinbl‘ “■ 

Following a similar procedure, we have 

'D/ ss cjcosb nP+<'j8inb nl, 

er- 


/ -.f Ti sinh (« + l)P 


vw/w", C* * V'w/tc".coth P; 

'Df 

Interchanging to' and 

_ —7rr-;*inh(n+l)r 

Vw'/» —SShT^* 

5 Grtwhied Ckcrts.—In the application of the lAore 
deter^nits to «Te4ltmr problems, we 
functions of the frequency of alternation, tt^«»)**c<»hr( )# 
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tll« {onetione depending on stracioTe (Z|, Zg). The 
eolations in terms of F sre, however, independent of the 
n&tnre of the fnnotion r(£») as long as it complies with 
the conditions imposed, and this fact makes these solntions 
particolarlj valnable. Seteral charts will be described, 
which can he need to show in a convenient manner the 
relationships between the various quantities involved. 

The solutions in Parts II. and III., for non-dissipative 
filters, require that w be real, and the field of ta is logically 
divided into three parts, as described. With this restriction, 
fig. 14 gives a convenient arrangement* for showing the 


Fig. 14 



relationship between F and m with the aid of a curve of 
tr(i»). Corresponding to any abscissa ®, the ordinate of 
the curve determines the value of F. The partitioning 
of the to axis corresponds to the three kinds or frequency 
bands. 

In fig. 14 the F functions shown on the left may be 
replaced by a curve of any solution in terms of F, plotted in 
the left-horizontal direction. This solution is then easily 
applied to any desired filter stmotnres by drawing in the 
curves of w(w). 

If desired, the infinite plane (®, w) may be represented in 
a square chart, as shown in fig. Ifi. Tbe part of ^e curve 
which lies outside of i 1 in fig. 14 is folded over by 



m Mr. Wh~l.r «ui Prot. M.r».gh». <*r 

„l»tth.tion in ot lie Gnd.n«nnl.n .ogle, g . 

foBo^:^— 


KB 


IhransiBitsioa l»nd: 

+ !>»>-!, A*0, 0<B<tr, 

W gs oo*br — cosB ®= cos^ curve). 


n«.16. 



SnppreMioo l»nd«; 

+1>1>_1, +«>A>0, B-0.r», 

^ * gar :«»-r » ±c<»»» A » Bee 

«obr« ±sinbA•* Un0» 
J s coa^ (dotted conre). 
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In g«n«ral, both w and F are complex nnmbera, thongh 
this paper is largely rratricted to w real. When w is com> 
plex, we denote i^ real and imaginary parts by u and v 
respectively: 

t03s:u4-tocB (K>sh (A+t'B) ascosh AcosB-l-tsinhAnnB. 

Equating real and imaginary terms respectively, 

«scosh A.cosB, rsasinhA. sinB. 

Oharte for reading A and B in terms of » and v can readily 
be prepared by drawing Uie level curves for A and B on 
the (u, v) plane, which are orthogonal families of elli{»es 
and hypermilas, repectively, determined by the following 
equations;— 

A constant: A sSP A ~ ^B = 1. 

♦ 

B constant: —i-,, — -v— a-»> = cosh® A—sinh®A = 1. 

cos* B sin* B 


VI. DirFBaESTiAi, Equations undeblting Electmc 
Impedance. 

The problems treated in this paper are in reality solutions 
of second-order differentia! equations involved in the defini¬ 
tion of the complex electric impedance. Appreciation of 
this situation makes it possible to apply the same solutions 
to other systems, such as mechanical or molecular structures, 
which may lead to the same differential equations. 

In a simple series circuit including resistance B, induct¬ 
ance L, and capacitance C, the instantaneous values of 
current I< and applied voltage Ej are related by the equation 

In the case of steady, sinusoidal, alternating current, and 
applied voltage, 

E( as Em cos I,- as cos (®t—^), 

we may choose to express these quantities in terms of the 
unit rotating vector, exp iff, with the understan^ng that we 
refer to the real projection, cos^. Then we write 

Ei se Em exp mtf li as Im «xp 
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in which I, » complex, ineloding Ihe phase rotation, 
exp — «* * Iwstor. We snbstitate 


dh 

dt 


M»li, “ 



in the first equation: 

It is castomary to nse, instead of the peak wines (E«, I«), 
the efiFective (root-mean-sqaaie) values of voltage ana 
cnrrent; 

I- 


We define the Lm^danc© Z as the ratio pf voltage to 
current, which is, in this case. 


Z 


B, 

1. 


K« 


-s^ = R+ift»L + 


1 


An impedance is, in general, a complex fnnction of 
which the real and imaginartr tparts are, respecUwly, tne 
resistance R and the reactance X: 


/e{m) - n(m)^iX[m) « 1 Zf expiX»), 

iZj* v/U’ + X»= 1| j, tan^*^. 

he phase angle ^ defined by the above equations is the 
anwlo by which the current alternations lag behind the 
voltage alternations. Thi.s pltase .lisplaeeinent is implicitly 
included in the complex imijcdance, in the complex factor 

expi>- . . , - 

The power in any imjiedance is 

of which the actual power dissipation in hwt (or work) is 
represented by the real part: 

P*RlI|*«lE|.lIi.co8^. 

When this term is asero, the impedance is non-dissipativo. 


Jotuu Hopkins Uaivasdiy, 

Baltimore, Md. 
May 81,1827. 
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X. Analogy hetvaeen the Crystal Detector and a Vacuum Tube. 
By Wakasabbo Ogawa *. 

1W ANY theorieB of the crystal detector have been 
poblished, but none of wem lias been accepted as 
satisfactory. Acssording to_ the writer’s theory, Ae rectifi- 
mtion by a crystal detector is brongbt about by the difference 
of electrons emitted from each electrode. 

An investigation of the electron emission from crystals in 
the cold state was carried out to prove the theory positively. 
A crystal detector oonple, consisting of a copper rod and a 

e lena crystal, was sealed in a glass tnbe, a small space 
iog left free without contact between the metal and the 
crystal. The tnbe was evacuated from a side tube. An 
electrolytic latth of Naj|S 04 solution containing pbenol- 
phthalein was connected in series with the tube to show the 
polarity of the current if rectified. When A.C. potential 
was applied to the tnbe a glow discharge started between 
copper and galena when the voltage attained a certain value, 
and the colour of the phenol pbthalein solution near an 
electrode corresponding to copper turned red. By this 
experiment it was known that the current is rectified by a 
cold vacuum tube with two electrodes of copper and galena 
and the rectified current flows in the same direction as the 
contact rectifier consisting of the .same materials. In this 
case the only cause to which the rectifying action can be 
ascribed is the difference of electron emissions from the 
electrodes, such others as tbermoelectrical or electrolytic 
effect having nothing to do with it. Then two electrodes of 
different metals or crystals of which the electron emissions 
were to be compared were sealed in a glass tube. As the 
emission is influenced by the physical state and dimension 
of the surface, care was taken to make the conditions of 
these two electrodes as equal as possible. As in the former 
case, the electrode whi(m has stronger electron emission 
tl^n the other was ascertained from the direction of the 
rectified current. Many couples of different metals and 
crystals were tested by this method, and as the result the 
following order of electron emission was obtained, magnesium 
having the strongest electron emission in the series : natnral 
galena with the best sensitivity ; synthetic galena with 5 per 
cent. Ag ; silioon; Pt; Ag j Cn j german silver ; brass; Pb ; 
Fe; iron pyrites} simple synthetic galena; carborundum: 

* Coaununicated bj the Author. 
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zinoite; Al; Mg. These results «U well iMnrrespond with those 
obtained by the writer’s experiments with crystal detectors and 
also with the order arranged after the electron affinities of 
metals determined by many prerions inTMtigators. By these 
experiments t&e following facts are now established; (1) 
rectification is possible by two separate electrodes of different 
electron emissions in the cold state; (2) the direction of 
rectified current in tins case is quite the same with that 
rectified by the contact rectifier composed of the same 
ei^rode materials. The essential diffeiencee between these 
two rectifiers are the distance between the electrodes and 
the snrface area from which electron emissions occur. In 
the racnam tube there is always a layer of air between the 
two electrodes and ionization of gas moleeales necessarily 
occurs. In the crystal rectifier, it will be natnral to think 
of the distance between the electrodes as ▼arying from the 
rral contact to the wide space involving the ordinary atmo¬ 
sphere. As the laiice constant for metals and crystals has 
a value of 3"2-5'8 x 10”* cm. and the mean distance between 
gas molecules under normal pressnre is 3*33 x 10~’ cm., the 
free 8{»ce of nearly from 6 x lO”" to 60 x 10“* cm. will 
not allow the existence of gas moiecnlm, and at least free 
electronic emissions may be possible in the S{«ce of this 
dimension. But as the free mean path of electrons in the 
atmosphere at normal pressnre is nearly 9 x 10”* cm., the 
electrons are able to reach the opposite electrode withont 
collision with gas molecules in the wider space far Wyond 
60 X 10"*. It may be, therefore, possible to say that the 
emission at the free space of a contact rectifier occurs in the 
highest vacunm, and no ionization of gas molecules is 
involved in an ordinary case of the wireless detector. 

But in the case of (^e battery charger, which is another 
type of contact rectifiers consisting of two plate electrodes 
of metal and metallic oxide or sulphide and which is thought 
by Ac present writer to acton the same principle as ordinary 
crystal detectors, the electron emissions seem to occur even 
in'a wider space involving an ordinary atmosphere in virtue 
of a higher potential. 

Another difference between the oryshil detector and the 
vacnum tube nsed in the preceding experiments is the surface 
from which electrons are emitted. In the vacuum tube the 
dectrode surface works as a wb<do including any hetero¬ 
geneous {Hurts if present, while in a ci^stal detector only a 
special portion is brought to work and heterogeneons parte 
will worit as snch. For example, in an argentiferous syn- 
thwtic galena, silver grains between PbS cry^ali will dlways 
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exert their infloenee upon the electron emis»onsin a vaco^ 
tube, hot in a crystal detector their effects will be quite 
different according to the position of the needle point. But 
there will be no difference in a homogeneous substance. At 
rise first sight the surface area emitting eWtrons appears to 
be very different in a needle point and in a crystal.^ But 
this is not true, because the emissions only occur in the 
limited portion of the electrodes which come face to fa^ 
witbio St C6rfai5n limited distance and otiber parts will remain 
idle. In short, there is no substantial difference between a 
crystal detector and the vacuum tube exwpt the metric 
conduction at the real contact points in the former. 
analogy is illustrated by figs. 1 and 2. Suppose A and B 



in fie. I to be two components of a crystal detectOT which 
are in contact really at 0 and D. The distance between 
M and N is thought to be so small that any molMules of 
gases are not admitted to enter between this space, that is to 
say, the s|>ace is vacuum. In fig. 2, A and B ® 

the electrodes and (y—D' denotes a glass biJ^ ^ * j n ‘n 
tube. The real contact portions denoted by C/ and U wiJi 
serve as the supports of the electrodes and cOTrespond to 
Ae glass bulb O'-D' of the vacuum tube. C-D andC-D 
will%ually make a route of leakage current if they are not 
good insulators and if this leakage atteins to a 
8ie potential difference between M and K as well as^ 

JT' wll drop to such a value that electron emissions between 

Phil. Mag. S. 7. Vol. 6, No. 34. Julg 1928. N 
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tii« electrodes will become impossible. As C and D in the 
orystel detector ere composed of ibe same materials as the 
electrodm, it is impossible to ensure an instdaiioB of higb 
degree, more or less leakage as metallic conduction being 
incTitabie. Thus it will be clear that the proper electrical 
resistance is of the prime importance in a erfstal to be used 
am a detector. 

In condusion, a crystal detector Is nothing else than a 
cold racuum tnl» which works as a rootifier by the difference 
of electron emissions from two electrodes ba^ty insulated. 

jO^^roteehaiesI lailxmitorT, 

Tdkyo, JafMm. 


XI, 7%e iMerminatioa of the Atomk Scattering Pmcer for 
X-Rags from Povcderr of tjold. Silver, and Aluminium for 
C w Ka, Radiation. lig J. B»KNTAS<>, JKSc., Lecturer in 
Phvtiet, Mancheatefr Unirertity *. 

:PUw 1.] 

Summary. 

Jjj the present paper experiments are described intended to 
obtain comparative values for the scattering power of gold, 
stiver, and aliitnintum. 

The measurements are made with small {lowder juirtlcles. 
and a method is employed in which the intensities are 
measured from composite layers. Some points concerning this 
method,which makes it possible to overcome certain difficulties 
encountered in measuring the intensiiit^ of X-ray re¬ 
flexions from powers, are discussed, and the procedure is 
indicated for evaluating the photographic records. 

The rminlts of the experiments indi'‘ate that, for the 
elements of high atomic weight examined in the state of very 
fine powders, the scattered intensities increase considerably 
Imts rapidly than F* and that better agreement is obtained 
bj assuming the scattered intensity proportional to F. 
TlimNe results ai% discussed. 


1. TH a previous paper t a discussion was given of some 
1 tfiteasi^ measurements of X-ray reflexions ob¬ 
tained from extromoly flue powders of rock-salt. 

• ComUiuiiHai^ bv tee Aather. 
t J. Bwartaao, Pbil. .Mag. iv. p. (HM) (1927?. 
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The object of these uaeasarements, which were r^orded 
with a photographie method, was aot to obtain date oE a 
higher degree o£ accuracy than had b^n obtained from 
misnremfnts on large crystal faces, but to Wy whe 
the measurements made on large crystals were not affected 
to anv considerable extent by extinction. 

It’resolted that in the pariicular ^ 

extinction effects played a vet^ tte 

♦bat in Other cases where these effects were Jarge, tne 
brcakincr up of a crvstol into a powder could, m general, not 
be considered a reliable means for ^"^7n 

nnlaaa the narticlcs OTe of tl»e order of 10 or 10 
dtemeier, so that only a limited 

using coarser powders in preference to large crystals. 

a In the present paper some measurements are described, 
directed tevS tbl general assumptions on the seattermg 
uf Ws flL 'atoms in crystal lattices. A problem which 
pre‘sents^ itself in this connexion is in a 

to the problem discussed in the case of rock-salt. . 

i nKer^f factors which determine the intensity of 
X-lar reflexions and which involve a certain amount 
of uncerteintv in their numerical evaluation, “®suine defimte 
vilues or become negligible for small 

«!««. ftxactlv for small values of sin where^ is ine 

Sncing a. -ie of the reflexion and X the wave-length One 
^jTeseSrs is the quantity F, which >ve -n debne as the 

effective negative charge of the atom, “j- ^ ibiited 

centre wonhl lie equivalent to the actual charge distributed 

at 4e particular glancing angle ^ . F b^o q 

the actual charge for Xd forSe 

factors are terms accounting for h^t mob angles 

Compton effect, which become negligible for small angles 

“'on"tt^h.r hand, .ntinction »«»(..ro 

strong rofloxions iit small angles* 7 their distribu* 

dimensions of the regular f!r.tine? in a direct 

tion in crystal and cannot bo determine 

way. 

introduce it in a pbeiioiae«ologi«« 

N 2 
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It seamed, therefore, that a considerable simpliBcation in 
the interpretation of the resnlts eoold be obtained by 
measnring the reflexions at small glancing angles from 
a powder consisting of particles so small as to satisfy 
the conditions of negligible extinction. In this way we can 
avoid the sQfierposition of too many factors, which render the 
interpretatioo of X-ray intensity measurements so difficult, 
and attempt to verify the* fundamental assumptions 
b^ore introducing them in more complex cases. The 
general evidence derived from the analysis of structures 
supports the classical relation making the contribution of 
men atom to the scattered intensity proportional to F*, but 
most of this evidence refers to light atoms, and not so much 
information is available with respect to tbe scattering from 
atoms of higher atomic number. Measurements for the 
intensily of scattering were therefore made for gold, silver, 
and aluminium, which all belong to the cubic face-centered 
type of crystals. 

* In pursuing these determinations a method for measuring 
tbe intensities bad to lie evolveil so as to be adapted to the 
particular conditions of a powder. We have to refer to 
a few |>oints in this connexion to account for the particular 
wav in which the determinations were carried out. 

Similar conditions present themselves when quantitative 
intensity measurements are required in connexion with the 
determination of structores ; we discuss them, therefore, in 
a more general way than would be strictly necessary for the 
purpose of our experiments. 

3. Tbe effect of extinction * on tbe intensity of X-rav 
reflexions from the individual particle* of a «Tystal fiowder 
depends mainly on the extinction in the particular crystal 
unit which is contributing to the reflexion, which Darw in 
calls primary extinction. 

Darwin has given an approximate expression indicating 
the relative reduction of tbe intensity of the refleetetl 
radiation owing to the extinction in the reflecting unit. If 
m is tbe naml}er of the reflecting plants and 

^*N(e*/i«c*)FX*/#in*# 

measures tbe amplitude reflected from one plane, N being 


* A expoMtion of the pbanomena ot extiactiiHi in a sinfle 

pafeet crystal and in a eiystai of ** auwiic ” struetare has rec^Btly 
b«m by ttra^l^a^ 
hy F* jBwttldy Mmmuch d^r 
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the namber o£ atoms per unit volume, e and m being the 
charge and mass of the electron, c the velocity of Tight. 
Darwin’s expression l>econies 

tangh mg , 

mq . ^ ^ 

We give in Table I. the data calculated fur the (111) 
reflexion for gold, silver, and aluniiniam, for which 
the expression (1) becomes equal to 99/100 or the extinction 
equal to 1 per cent., the last column gives tlie thicknesses 
corresponding to the numbers m. The F values used have 
been calculated according to Hartree *. 


Table I, 


Flmw of 
rofioxion. 

K. 

F. 

9 ^ 

m. 

Xhidkoes^ 
d . lO^cm. 

Au(lll) . 


r27 

12S 

135 

3*2 

Ag(lll) 

rrm 

41*3 

7*r»5 

250 

59 

AKllI) .. 



2*0 

880 

2^5 


We can make sure of reducing this extinction effect below 
a given value by limiting the size of the crystal particles to 
the dimensions imposed for the individual crystal unit 
according to (1). , 

It will be noted that expression (1) increases very rapidly 
with mq, i. e., with the thickness of the reflecting crystal 
unit ; on the other hand, this expression refers to the unit, 
not to the particle, and it might ap|teur unlikely that the 
whole of one powder particle is perfect, t. e., acts as one 
single unit. 

In discussing extinction effects in the case of a powder, it 
has been pointed out by the writer f that when the 
conditions for negligible extinction in the individual particle 
are satisiied, there still existe a particular extinction effect, 
which could better be described as the additive aleorption 
effect of the various crystal forms. Ail possible crystal 
faces contribute to it a<»:ording to the number of times 
p they are represented on th** crystal forai, and according to 
their scattering power. The* wlditive effect is thus a 
discontinuous function of the wave-length, as this limits the 
total number of laces which can reflect, but it is the same 

• D. B. Harteee, PbU. Mag. 1. p. 389 (1^6), 
t Loc. cit. 
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for all reflexions and appears as an additire term in ibo 
absorption coefficient. 

When making absointe determinations from a powder 
layer of flnite thickness, the proper coefficient of absorption 
coold be determined for the actual powder, in such cases 
where tbe effect is appreciable. But tiie mwisnrement of 
absorption coefficients from powders is exposed to a serious 
source of error, owing to the rarying density of a powder 
mass, and this raises a difficulty in all absointe intensity 
measarements from powders in which the coeflicient of 
absorption has to be introdoced in an explicit or implicit 
form. 

Another rrasen which makes powders less snitable for 
absolute measarements is the weakness of the reflected 
brams; this inrolres that for al»olnte determinations two 
intensities in the ratio 1:10,000 or 1 :100,000 have to be 
compared, so that absointe measurements seem to require 
■very great precautions. 

It was therefore decided not to undertake absointe 
determinations, but to limit ourselves to relative measnre- 
ments. It will be seen that the conditions of reflexion from 
a powder lend themselves particularly well io such deter¬ 
minations. 


4. If dV is a volume element of powder, so small that 
absorption can bo neglected, 0 the glancing angle with 
respect to a set of lattice planes corresponding to a certain 
reflexion, so that 20 is the angle between the incident and 
the reflected radiation, and I the intensity of a parallel 
beam of X-rays falling upon the volume element, the 
radiation scattered for this reflexion in unit time is given by 


dFam^lpeosBQilV .(^'l 


where 



F*N* 


X* 

8in*i? 


l + cos*2^ 


13) 


The expression Q is the generally accepted value derived 
from classical theo^, assuming that each electron scatters 
mdependentiy exponential factor at^nnts for the 

beat motion of the atoms. A further factor should be added 
for the Compton effect, which limits the part of tbe incident 
radiation available for scattering f. 


• C. Ct.IWiii. Hag. xtiiLp. m 

t WaSMBS, Pha. p. m (1928) ? Jaanewv, Rijw. Rev. xxa. 



SeatUning Povoer for X-Ray»for Cu Ka Radiation. 183- 

This expression has to be integrated according to the 
conditions imposed by the particular method. 

In the method nsed a beam of X-rays diverging from the 
focal spot of the anticathode, or from a slit near to it, faUs on 
a flat layer of powder sitnated at a distance a from the 
point from which the X-rays diverge. The scattered radiation 
is observed at a distance b from the powder layer. Details 
of the arrangement have been described in another paper*, 
and certain focnsslng properties of it have been disenssed. 
The glancing angle of incidence of the central beam being a 
and the glancing angle of emergence being R, we measure 
more conveniently not the quantity P, which is tdie radiation 
scattered according to the surface of a cone of semi-apex 2fl, 
but the part Ps of it, which falls at the distance b on 
a strip of unit height placed normally to the plane of deflexion 
in which the angles a andare measured, and *+^=^26. 

We have thus for the central l>eam 


jp _ 

* 8w/? sin 6 


(4) 


Integrating for finite thickness z of the layer we have 


Pj* 


8ir6sin 5/*(l -f sin a/sin R) 



where /’is the cross-section of the beam. 

If the layer is sutRciently thick to absorb the incident 
radiation completely, and introducing X as the intensity of 
the divergent incident beam measured by the enerj^y incident 
in unit time in the solid angle one and x actual solid 

angle of a narrow incident {lencil defined by the diaphragms 
of the iustrunieut 


p,*X- 

nine 


Sin 


. (5) 


Tiie focussitig condition requires for the central beam 

*'”*«-'*-const.(6) 




a 

b 


to be satisBeil for all angles of reSexion. We sae^ tliereforey 


^ 3, Bieatanoy Fliys. lioad. xxx^iL p. ISi 
the arma|(eiiieat is described in view of making: exact angular meamite* 
menta; ila advanta^ for quantitative intensity measurements 
bat not fully discussed. 






**r*'k^*ij ^^o»t the amt. -Mth of the iocid.»t 

Fortber, while measuring a giwn *^*®*‘®Vf of 

UTer is rotated through a certain range. The ^ 

Wth these facts is Aat the focussing condi^on is satisfied 

mrrth. rfM of th. ™*f •» of 

on the radUtion «a^rod 
Tlien 


Ps»X 


pQ 

ftsin 6 


. const, 




1 

10s r mn»* 

f+.i„/3 


r.":” Tfrr..; tottfor u., v.ioci,v oc .h. 

StT/lorr/i^U 

th^ eKpt'ei^ioii 

A whon iti this case it is arranged to romsure various 
and when - *:tn»s «' becomes iiroportioiial to »•, 

eondiUoM* 

*t*°-r®Th“»^^?«d^^niS**vrfS^ hvmli lie photo* 
nnoovers «. l«Utu?«r eat«,*i«n s of it at one ume, 

Ti«s integration of (■*) gives 

. r*s «f. 




•in «r 
mu0 


itit of tJb« ftitn 


■aiien < M tte time dnriiw which any 

and T ia the to^tioe for on« a*^ /•“ “fj*/ ‘ 

• eoS ^ extend over a certain rMge »****'®*"^^ l^Ttha 
Syii Ps » in this eaw an avari^ affect over the 

tittie T. 
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By a Similar reasoning we can estimate the effect ol the 
finite angular oKtension e o€ the incident beam in the plane of 
deflexion. It results that the effect of the larger and 
smaller ^ralaes of m largely compensate one another except 
for small glancing angles. When making measurements at 
small glancing angles, e must necessarily be small, in 
order that the whole incident beam may fall on the powder 
layer. So it is found that, in general, the experimental 
coiiditions are such as to allow to refer to expression (5). 
For relative measnrements of different reflexions from a 
sufficiently thick layer keeping % constant, we have then, 

const. , . . . . (1) 
mn8 ^ ' 

The quantity Ps in (5) is the energy entering into an 
ionkation chamber in unit time, when the entrance slit at 
the distance b has the height one and is sufficiently wide to 
embrace the whole radiation scattered for the particular 
reflexion. 

In the photographic r^ord the quantity Ps is represented 
by the total blackening of the film taken for the whole 
width of the line. For the quantitative evaluation of 
photographic blackenings it is, of course, essential that the 
X-rays fall vertically on the film, which condition is 
satisfied with the apparatus. Different reflexions have also 
to l>e recorded for equal times. 

It is desirable to make tbe incident lieam diverging from 
the aiiticrithode or from a point close to it, so that ik 
intensity is uniform for the whole of its extension e. In this 
case inequalities of the layer have less effect. This require 
that a should be made somewhat larger than 5. 

5. In order to compare intensities of reflexion from 
different crystals, simple conditions are obtained by making 
measurements on c«>iiiposite layers containing both sub¬ 
stances. We have then to consider that the expressions 
for Vh are obtained by an integration over a volume. 
In the case in which the exjwimental conditions allow us to 
use expression (7), and when S is the same for different 
reflexions, the ratio of two reflexions from a layer eonkining 
two substances in the proportion M 1 /M 2 be<x>mes 

P*i ^ MiPtpt Qi /m 

Pi» MaPi>2g,sini?r. 

where the quantities wMoh refer to the one %nd to tbe other 
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orystAlUne substance are distinguished by Uie indices 
1 and 2 and p are the densities. 

As will be seen, the absorption ooeffibient and other 
constants which depend on the particntar conditions of the 
measurement do not enter in this expression. 

When only two lines or two groups of linM of simibr 
mtensity hare to be compared the proportion of the two 
masses Mt/Mj can be so adjusted as to make intensities of 
corresponding reflexions approximately ^nal. The shorb- 
comings of the photogrimnic method in comparing widely 
different intensities can thns be overcome to a con»derabie 
extent. 

In the* particnlar case of gold, silver, and alumininin, the 

lattice constants are 4‘(»8 A., 4*07 A., and 4*06 respectively. 
The reflexions fall, tl»erefore, so n^r together that a com¬ 
parison substance had to be used and measurements made 
from layers containing one of the metals and the winparison 
substance. 

Nickel oxide, which had been employed as admixture in 
oUier measurements*, is in general a very suitable com¬ 
parison 8ul»stance in combination with Cu radiation, owing 
to its density and to the fact that the characteristic 
radiation of nickel b not excited by the radiation of copper. 

Its lattice constant is 4*1703 A., and the metal and nickel 
oxide lines are thus so n^r that a projrer determination of 
the hackgronnd is rendered difficult. Therefore cadmium 

oxide was used, the lattice constant of which is 4*72 A. Its 
(200) reflexion falls very near to the (lilt reflexion of the 
metab, so that the (220) reflexion of cadmium oxide was 
compared with the (200) reflexion of gold, silver, and 
aluminium. 

6. Tt seemed to ire of some interest to ascertain whether 
it would actnaliy be necessary to have recourse to so small 
particles as indicated by Table I. 

For gold and stiver it is known that the reflexions obtained 
from sheets of these metals are broadened, and this has 
imcently been made die subject of an investigation by 
Dehlinger f. It conid be expected that in such cases the 
mechanical treatment of preparing a tmurse powder would 
produce a powder with sufficiently small crystal units. 

Fig. 1 (rl. I.) shows comparative photographs taken from 
two composite layers consisting of equal parts by weight of 

• Breatotto A Dawson, l%il. Baa. iti. p. 411 {1027}. 
t D. DehltiHIfer, ZeUe^rifi f. KnUattogrtqAie, Uv. (6) p, «ld 
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gold and nickel oxide The gold contained as impniiites 
about 2*2 per cent, of silver and 1 per cent, of copper in ^eh 
case. In the first photograph [a) extremely fine fragments 
of gold were used, obtaine<l from gold leaves of 5.10cm. 
thickness. In the ae^nd photograph {b) the gold consisted of 
fine filings ob^ined from a thin sheet. Since the spacing 
for gold is slightly less than the sfmcing for nickel oxide, 
the reflexions from the latter occur at smaller angles ^ati 
those of the former ; on the photographs the lines wrre- 
spending to smaller angles are on the left. 

It will be ^n that in the aam of the coarse gold particles 
the gold reflexions are by far the weaker, indicating 
considerable extinction in particular for small angles. At 
larger angles the difference between corresponding reflexions 
from the two films is less pronouiicml, which is what should 
be expected for an extinction effect f. 

It is possible that the extinction effect observed with the 
coarser gold particles is not entirely due to primary 
extinction, but in fmrt produced by s^ondary extinction. 
It indicmtes, in any case, that small particles bad to be 
adopted for the ineas^urements. 

To obtain these particles, foils of gold, silver, and alumlninm 
were powdereil with the addition of a volatile substancse. 
Taking the thickness of the foils as indicating the maximum 
ditiiension of the crystal units to be expected in these particles, 
for gold, the less favourable case, the corresponding extinction 
for the (200) reflexion amounted to 3 per cent. 


7. In applying expression (8) to the particular conditions 
of our experiments, a stmpltfieatiott can be introduced, as the 
same reflexions are compared in each ease and the value of 
sin 0 is nearly the same for the three metals. Therefore, 
we can write 




Ml pt Qi 


, const. 



The values were measured from photographic records, 
and the photometry was carried out in the same way as for 
the measurements from rock-salt, hut a more accurate 


• TMscomp^soa fiaei^ld famis part of the early slefes 

of this retesrek undertaken In eollahorattoii with Mr. W. E. 

M.Sc., and I with to exprej» my indebtedness to him for lus assistance, 
t The exposure (5) (with coarse gold) was considerably longer than 
exposure (a) mid the lines are darker. This does not show so much on 
the reproduction, but it accounts for certain nickel oxide lines appearing 
in (6) vrhich are only fiiintly indicated in (a). 
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evalaatloa has haeo adopted in view o£ the different width 
oi the lines ohbuned troin different metals. The galvano¬ 
meter deSexfons idken for the various points of we lines 
we>^ plotted in a logarithmic si»le. By means of a snitahle 
blackening carve if was then easy to express them in terms 
of X-ray intensities. 

Fig. 2 shows examples of the carves so obtained. The 
ordinates in the ap|)er curves represent the logarithms of 
the galvanometer deflexions, the ordinates in the lower 
carves represent the corresponding X-ray intensities, and 
their areas are proportional to the quantities F*. The scale 
of the abacissse is chosen so as to obtain areas convenient for 
measoreinent. The agreement between different measure¬ 
ments taken with the same substances is 5 per cent. 

Table IT. represents the results obtainml from a greater 
number of measurements using (*a Ka radiation. The 
quantities referring to the metals gold, silver, and aln- 
mininm are marked by the index 2(10 of the corresponding 
reflexion ; the quantities referring to the emmpari^n 
substance are indicated by the index 220. Tlie last column 
gives comparative values of Q for the three metals by 
introducing the ratio of the masses and the densitie,s in (9). 


Table 11. 






if ronil. 

Au 


ono 

im 


Ag .. 

105 



405 

.41 . 

25B 

irm 

im 



8. When discuasing tbe^ Q values we can neglect the 
smalt differences in the numbers K, owing to the close agree¬ 
ment between the lattice constants for the tliree metais, so 
that referring to equation (3) for the coniftariscm of the 
reflexions from gold, silver, and alnminiutn, F* l>ecomes 
proportional to Q, 

We have calculated the F values for the (200) reflexions 
from the three metals according to Hartree*, assuming 
StoneFs distribution of electrons. Tlie values so found are 
F2093sfl9'55 for gold, F*oo= 38*65 for silver, F3e»«s9*23 for 
.tlominiam. From calculation we obtain thus for the ratio. 


* £oe,e0. 



Fig. 2. 



Photometry of (200) reflexioiw from gold (o), silver (fc), end ftlmuinium (c). The corresponding comparison reWexions are on Uie left. 
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gold andsilirer, while the raiak> of tibe experi* 

mental Q valnes gives 1*44. 

The discrOfMincy is too great to be easily attributable to 
extinction el^is or to the approximative character of the 
calculation. 

A particular anomaly in the scattering power has been 
brought into evidence by an experiment by Mark and 
Sxillard *, and is discussed in a more geneml treatment of 
scattering phenomena by Kallmann and Mark f- This 
anomaly is associated with the excitation of characteristic 
radiation of the scattering atom by tlie incident radiation 
and is effective only when the wave-length of the scattered 
radiation is near to one of the absorption edges of the 
scattering atom. This plieitoinenon cannot account for the 
present discrepancy. 

The fjossibilities present themselves that either a general 
falling off of scattering power takes place as compared with 
the value given by Thomson’s expression, for those electrons 
which are in the vicinity of a heavy nucleus, or that for the 
elements of higher atomic weight definite orbits do not 
contribute to the stsittering. (.^m|>ariiig the gold and 
silver values with those from alumintttm we find from 

calculation v;s-”=5tV6 and as 17‘fi, while the ratio of 
V '.41 r 

the experimental Q values gives 5*70 and 3'05 re.-peetive!y. 
This indicates that on the latter hypotliesis groups of oiectrons 
from gold and from silver shoubi be excluded, ft does not 
seem permisdlble to Introduce the present exfierimeiital vahies 
in a trmiment in which some factors, notably the bte.lor for 
heat-motion, have been neglected for justifying any [larticular 
assnmption as to the omission of the scattering from certain 
orbits. Determinations at low tetn})erature and for different 
wave-lengths are in progr^s. 

If we consider tl» ex^rimental Q values wiihont 
referring to equation (3), which is based on Uie assumption 
of independently smittering electrons and not on the 
continnoas distribution of quantum-mechanics, and simply 
introduce the Q^s to m«isure the scettoring power per unit 
volume under ihe mmdiHon for (2) and (4), it appears 
that ranch closer agreement exists by comfMiriog them 
with the calculated F values and not with their squares. 

* M«r& aad Sidllmd, ZAk^.f 1%«, xxxnt. p. (SS$ 

-t KaHnuum sad Mark, Atm. d»r Ixxxii. p. 585 (1^7). ’ 
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F F 

We 6nd ttmn calcalation, rad 

4be o^rrespoiidiiig experiineiital ratios^ 5*70 siid 3*95, give 
tints a relative value for gold which is somewhat too small, 
hut show very good agreement for the relative values of silver 
and alutKiiuinin* 

lletaining for F ito significance as ‘‘effective^’ negattve 
dbarge, so as to ac^^unt for the special distribution of the 
electrons, this would indicata a contribution from moh atom 
proportional to its charge. 

Here two remarks present themselves : one that when 
applying an escpression for Q to the scmttering trom a 
volume, in which extinction and absorption are nil, it 
would be very satisfactory to find the contribution of the 
individual atom to the total intensity of one reflexion 
proportional to F and not to F^. In fact, F in such a case 
only determines the scattering from the individual unit of 
the pattern, so that a variation of F does not aftbct the range 
through which reflexion occurs, different from N in expres¬ 
sion (3) ; the other that it is questionable whether an 
equation of this type c?in actually be applied to express the 
scattering when extinction is absent. 

The two points are not so widely different as they appear, 
since, in considering the scattering from crystals, the 
scattering from one atom by itself has no phy sical meaning. 

On the other hand, in making these remarks we must 
bear in mind that the general evidence from structure 
analysis and from absolute determinations on lighter elements 
is in agreement with (3) also in cases vrbere this expression 
has been applied to measurements fr^ra microcrystalHne 
mosaics and fine powders. It seems, therefore, of interest 
to discuss the present measurements in terms of this expres¬ 
sion, when they indicate that the relations verified for lighter 
elements mmi not to be satisfied in a general way. 

The writer is indebted to Prof. W. L. Brngg, F.R.S., 
for various facilities, among which is the use of a transformer 
obtained by mmnB of a grant of the Royal Society, and to 
the Heembruggen Trust for a special grant. He wish^ In 
particular to expri^ his thanks to Mr. W. H. Dawson, 
ll.Se., for his help in the earlier stages of this work, and to 
Mr. J. Adamson, M.Sc., for amstanoe received in the more 
recent experiments. 

Miuieb^ter, 

April atk, 1928. 
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XII. Tk. En^ 

Linkr CurrenU. j9y H. Ik>WR\ . 

S uppose the field has a» appl'^ ®*®^‘”®TW«rweirI 

and permanent magnetism I®, then nsmg 

0ciiiaiio»t 

* "3^T\\ 

JCEVldr-JtEj)rfc=s — |*^E--E', curl H - jdv 

= -J(cnrlE-E^HMr.J(E-E^f)dr+J[E 

. . . ( 1 > 

the integrais being taken over all simee, so that 

ffEH].<^S»0. 

In an isotropic medium of constaut ,n.rmeability and 
capacity the right-hand side of I liecome* 


|{IJ<.H>+K(B-Ey.lr} 


f/F'j'lrfe is the rate at which work is done on the field y 

„i:-a forces* UEi)*/'* is the rate of dissijiation of 
the applied forces . represents the 

energy ? and hence the *■ h energy of the field. This 

rate of ® rt, the first of which definitely depnds 

energy »» «» „f the field. If the field contains 

Wfinse 1 (PHltfc liecomcs zero in a magneUwitaUc field. 

If the fieW contains no permanent magnets and th 
carrents are steady and flow in circuits* 

transforms to |S*Ks»CT), 

K being the total indaction tbroagh a circuit carrying a 

°T Kgard Ik. ■»•*«••• " “»'*• ”P *' 
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moleeslar carreois, we «ui look on W wid T as two different 
wajs of uniting jJ/iH’de, Jnst as 

and W»*i2?„V,V. 

are different srays of writing the electrostatic energy jfSeV. 
From the magnetostatic point of view the force corre* 

sponding to the coordinate x is “* « 

obtained by keeping Ig constant, it is better to write it 

V O* /les:OOB«i. 


Bat when the magnets are replaml by currents, the 
currents must be kept constant during the displacement Bx 
in order that the equivalent magnetization shall remain 
constant. For two circuits 


T=i{L,fV + 2MiV,+ Nr,*}» 

so that keeping and Lj and the shapes of the two circuits 
constant 

ST=SMt,t-,. 

The equations that give the currents are 
(Li, 4-Mi.)+R, 


and 




In the. displacement 

tsSM = (Ei~R,t,)5f 

and * 1 — (Ej—Rjij) St. 

Hence the inorease of energy of the circuit 

E,ii+E,^,—Ri»a*~^ S*=s2ti%SM—X&r 

=2aT~X&P. 

Therefore 2ST—XS*=5T. 


We have therefore two expressions for the force X 

ai:]pr#if»ioi}S arise soleljr llie two 

PM. s. 7e Vole 6* No. Me Jtdy 1028. O 
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differeot ways of writing *o^ «* analc^ona to 

the olectrosUtic equations 

w”Xm.. the »«. rSell« « ««"« 

watemal megn®tic force. if/TmJr In a 

For Mch magnets the energy » W - -i5(lH)de. !« 
displwjeroent in which I is kept <»nstant, 

lo keep I ooDStant in snoh a “^1“* 

«»j,mele force «H most he applied, and ih« will do aork 

-fCl8HMr*2aW». 

Bence, as abore, we hare 

2SW'~Xa4r*8W’; 

«W' 


therefore 


Bi* 


Thi, Mpiwsion tor X U *» **« ™'“ 

. 

\0# 

l«jesirfly kinefac enerj^ » 

+4jMH*de; ho* T and W are equal to 4j#*H, and the 

^q«itions 

X*-§^* + ^ 

are oomnatent with this, heoanse 

llie oonfnakw arise* heoanse the qnanti^w kept constant 
in ihe partial dillwantiation are oftaa omittad. 
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XIII. Chenmal InUraetions eorreaponding to the Comiaid 
of Ma$s Aotiottf btinp a Futuslum oj the P'idume and Mattes 
^ the Conttituenit, at vodl at of the Temmrabire and 
CaUdjftic Action. —1. By B. D. KLEBMiUH, B.A.f D.Se. * 

§ 1. JisAroduetory Bemarit. 

T he writer bae ehown t that, in general, the constant of 
mass action of a gaseous interacting mixtare is a 
function of its volome and ma^s of the oonstitnents as well as 
of the temperature. In a snlmqaent paper t the differential 
equations were developed which determine the fnnctionai 
nature of the constant of mass action in any given case. 
Ihej were applied to investigate some well>imown ructions 
by the help of the gas equation 

pv s jllBT, (1) 

where p denotes the pressure of M mols of a pure gas at the 
volume p and absolnte temperature T. In the particular 
CMOS considered, it was found that tiie constants of mass 
action are independent of the volntues of the reacting 
mixtures, as shown by experiment. The effect of tiie masses 
of the <mnstitnents on the constant of mass action was not 
investigated. 

It was shown in a snbseqnent paper § that, strictly 
according to thermodynamics, the equation of a perfect gas 
is 

/n? = MRTf,.(2) 

where f is a function of T, v, and M, which is practically 
equal to unity except for temperatures cli»e to the al^olute 
zero, and for very large volumes. It would follow, then, that 
strictly in all cases the constant of mass tmiion of a mixture 
in the perfectly gaseous state is a function of the volume, 
notably when it is very large, and the masses of the 
constituents, as well as of the temperature, tfaongh it may be 
practically independent of these quantities except of the tem- 

£ erature over a large range of values. In this paper it will 
9 shown that the constant of mass action may be appreciably 
a function of the foregoing three quantities for reactions 

* Communicatad by the Antfaor. 
t PbiL Mag. V. p. 20S (192d). 
t Phil. Mag. V. p. 620 (19SS). 

S Phil. Mag. V. p, .1J»1 (1»28>. 
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taking place under certain conditions, even when eqnaiion (1) 

is supposed to hold stricay. 

& 2. m Fundional Hatur^ of ^ 

^ of Gatems Muiiure$ reacttng under Certam Conditten , 
■and CatolytSc A<^io». 

It th. rioting 

variable is 




. asO, 


(3) 


where » denotes the total pressnre of the mixtnre. p., Ph ■ ■ • 
the nar^ial pressures of the constituents not in comhination 
witlTeach ?ther,or the pressures 

branes each of which is permeable to one of them, an 
brands eacii volumes per gmm atom. 

If the constituents when isolated form certain mole<'nles ibe 

form of the equation may be altered *'*“7**tbe 

S “hth h.,; .lr,.d,v give.. Tk. plication of the 

gas equation {!) gives besides 

;, = RTSC. 

where 2C denotes the sum of the ‘ft 
TrLs molecules. Similarly, for the partial pressures 
p, p, ... M of the various molecules, we have 


iq = UTf’,1 

« --HTCt k 

• ’ J 


; 

Ps 




where C, <*s,.denote their concentration.^. The masses 


in gram atoms of the constituents are given by 
»Sn«C-a, *= M, 
ySw»Ci, = Mi 


m 


where C denotes the concentration in mob of the molecules 
which contain n» gram atoms of atoms a, etc. Bcsid^ there 
are a nnmlier of mass action equations, each of which may 
be written in rise genemliaed form 

KCjt^,... = CiCj.... • . 


. . {7> 
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Tb0 dliAferantial equation with respect to the mass M* as 
independient variable it 

and soon. 

Now, the differential equations of the type (3) and (8) are 
derived by passing a mixtore through a certain isothernial 
cycle. If the mixtore consists of two constituents it is 
initially contained in the chamber C« of an apparatus shown 
diaijrammatically in fig. 1, this chamber Ming separated 
from the chambers C« and by membranes, each of which 
is permeable to one of the constituents. An essential cod> 
dition of the process is that in passing the mixture from the 
chamber into the chambers C* and 0,, or viee verta, 
the pressures in the chambers are kept constant. We will 

Fig.l. 


i Ca 

I— 


now vary this proce^ by supposing that the walls of one of 
the chambers C® and (?*—say is permeable to a gas 

contained in an adjacent infinitely large reservoir. What¬ 
ever tlie nature of the ruction now going on in this chamber, 
it is evident that the foregoing condition will still besatisfi^, 
since the pressure in the chamber does not depend on itM 
volume for constaut pressures in the chambers 0^^ and tV 
The general forms of the differential equations obiained will 
therefore be the same as before, but the forms of equations (4) 
and (5) may now be different. Now, if it <mn be shown by 
means of these equations that, corresponding to the first 
arrangement, the constant of mass action of the reacting 
mixture in the chamber C^wr is a function of the temperature 
only, it will be evident that with the second arrangement 
this may no longer he true. It follows, therefore, that a 
reaction taking place in one of tiie chamters Cm C^ may 
affect catalytically the reaction in the chamber 0^, musing 
the constant of mass action to become a function of the 
volume and masses of the constiiuents as well as of the 



m 
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ieniMntQre. Suiinples of 'wHl be ooneideredi in 

Sections 3, 4, and 0. ...» ii_ * 1 ,* 

Instead of soppesing tlmt the chamber walls of the 
iduimber C. atn permeable to moteenlM c, we may s«K>ose 
Rut this is not the case, bat tlmt the cham^r contains 
permanently a mass M* of molecules e. In order, to deme 
Sw differwitial equations in this case, we mutt now suppose 
tibat when the mixture is initially contained in the cham^r 
the diamber C. is at a volume V^, and contons molecules 
df the constituent a as well as molecules e. On tr^fernng 
tlm mixture in the claunber C«»into tihe chambera C« and L» 
we must further suppiae that the pressures in the chambers 

C«, and C. only are kept constant. i • m 

Let us now pass the mixture through a _cpl« siaiilar to 
the one used * to derive equation (3), lo which ih» reader is 
referred for information. The external work do^ by the 
dmmber C, during the proc^ (a) is now not but 




where V„i and denote the volumes of the chamber at the 
beginning and end of the proems. The work done by the 
chamber during the process (b) is not /»,M« . dv«,»«« 

p«a' BV 

where »«s denotes the pressure when the volume is V,a. 
work done during the procew (r) is 


J V«| 


instead of Finally, on e^iuating the 

external work done, we obtain 

If the last two terms in this equation, on sul^tituting from 
eqnatione (4), (5), and {6),a«uroe a different functional form 

the term M«*, »which corresponds to no molecules e 

hdng presentio the ebamher 0. (compare with eauation (3)), 
tb# So th© cbaniWr inniience cataiytictlly tb# 

*** cbii0ib«r C##* The eoniUnt m mum 
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ftcUon of rewdon » tbon nwsesiarily * toctioa of the 

Yolome «nd maweB of tbo oon»titoente, rf it i» » 

the tompomtore ooly when **>» moleoulM e are absent . 

5 3. 5ra# Catafytie Epet of the Molecular Folumy of a Gas 
* m the Vonek^ of Mass Action of a Bmaum. 

Sonnose that the walk of the chamber C. are perm^ble to 
molSKs e in the gaseous state contained in »» 
i.S.itely larg. r»e™r. Let “^ 

r‘rt“cT‘ 

■iMlwiiles « Il» iliffeteoS*' »f ‘'’® re“^“ “ * • 

XmbTc, .iU. r«p«t t» i« Totame » « 

variable is 


Bp 

p j— 

o® 


-M.b. 3 . 


Bp« — 


= 0 , 


- (10) 


.he™ M, .»d M. d»ot. .he »' 

a and «, and r* and r, the Tolnme rf-inectively, and p 

and C. at the ^J^^^Sfchamber C„. 

denotes the total pressure of the ™ ^ ^ the 

Let us next suppose that the ^ which case the 

chamber C. d» «o‘ “*»r? 


cnatttoer «« aw *a*a.xsa«^w 

pressure p, of the molecules a is given by 


RT 

v» 




:b* 


. . (ll) 


« It will be helpful to point Mt vl*'^ vfheie 

matter in the chamber O. “*y. ^ molecules « iu A® 

Ca denotes the ‘•oncentratmn of the unwinte^ 

chamber C«. *®ria pay be deto Ihe W M.1 of 


dMa, 


acT d# 


0 ^ QV r f 

The volume Vai cartespoads to the 

the substance a in toe chamW ^*» *fv,“ .^^Tininnt He^ 
^=s4.,(T, 0.), whose form is detetmmed by expenment. n«« 

ee^wir 


dVrt 

ho 


SVardCa 
’ &Co 9» ‘ 
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wbere (1^ denote tii« concentration of the moiecalcfl a in 
the chamber, v«ss 1/Ca*, and the factor 1/1—£ expr«»es the 
effect of the Tolnme of the moleootes c on the pressnre. 
If C« denotes the concentration of the free moIecnlM a in the 
chamber C«k the partial pressure they exert is eqnal to RTC.. 
This presanre most equal te the procure in the chamber C«f 
otherwise diffusion from one chamber to the other will take 
place, and hence 

= . . , . , . (12) 


which gives the relation between C« and 0„\ llie term 
M,c*^“iii equation (3) may now be written 

M . MaiT BC. 

dr “IV(l-A) dr <.r,!l-6) dr 


by means of eqnations (11) and (12) and since r* « 1/CV> 
It the chamber did not contain molecoles e, the fore¬ 
going term expressed in terms of t’« would have the form 

jy[ RT SC 

_•-f ^ Hence, if in the latter case the csonstant of 

C, be 

mass action of the reaction in tlie chamber i» a function 
of the temperature only, this will not be the case when the 
cliamber C* contains molecules possessing molecular volume, 
the constant now being a function of the volume a* well *. 

Similarly, it cjan be shown, by means of the differential 
eqnations involving the masses of the constituents as inde¬ 
pendent variables, that the constant of mass action is now a 
fnnetion of the masses of the constituents. The molecular 
volume of the molecules r thus has a catalytic action on the 
reaction in the chamber CJ«) through contact by means of 
tibe moleenles a, which is exhibit^ by a change in the 
constant of mass action. 

This effect should also occur if the reacting molecules 
themaelvm pmuass* molecular volume, as is the case in 
pracriee. If this volume be known, its effect on the constant 
of mass action may easily be oalculated hv means of the 
differential eqnations given in Section 2. 1%# wroe effect 
would bs prodneed by we addition of an inert gas poesMsing 
molecular volume to the reacting mixture. The effect might 
be large enough to measare in practice. 


* Tlds srin le ianneiiati^ evldeut from the iaresttgatioos ia the 
second psper quoted. Hie ee^doas that K is iadepeadeat of e for die 
eases ctaaodend are aow obvioaaly not satined* 
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4 4. Ike EJfget of the Funetimal Form of the Cen^nt of 
Ma$$ AtOion of a Emclion on the Form of the Constant 
of another Meaetion, 

hot m 8tippo8e that the molecnles c ia the chamber C. in 
the arrangement of the preceding Section p 

mobcnle. a, and that the 
acto'on K« is a function of the volume of the 
what amounts to the same thing, a function of the volume r 


of the chamber C„ 


The term in equation (3) may 

o® 


then he written in the fonn 

Since occurs only once and represents an independent 

function it will not disappear from the emiation. 
the equation is solved. we*fin.lly obtain the 
action of the reaction in the chamber C» expresse 

of which is a function of e. This shows that the 

reactbn in the chamber C. affects that in the chamber^ 
a^d and therefore the reactions will also affect 

each other if they take place in the same mixture. 

& 5. The Effect of a Ma^ietic and ^UHnc EteUl on the 
^ ComtatU of Maet Action oj a Reaction, 

sie. £.t of ti »-'f jiSorrt-to'*£: 

nioleoules inside the field will tbererore o g 
outeWe of it, since the velocities of the 
trihuted according to Maxwell s law, and 7 , ^ 

to ^pe whose vel^ities lie ^hove a certam vake^ An 

analogous case is a liquid in contact with maimetic 

attraction of the liquid teking the P*Jf te 

field. The pressure in the chamber 0. wiU theretore oe 

jiv®“hy . 

«.*RTC.S ...*•• 
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where C;' denotes the concentration of the molecules a * 
a qnantity less than unity depending on the strength of ^e 
ftdd. The preasnre of ti»e free ineleonles in the ctember W 
is BTC«, which most be equal to the piwsuw in the^amber 
CU otherwise diffusion from one cliamber to the ottier mil 
take place, and hence 


The term in equation (3) may now he written 


“•'•I? 


«M3TdG.' 

■CT-" 


aMMT^ 

‘ C. dv 


by means of equations (13) and (14) end 8in<» ** 

If no magnetic field were pre^nt the yalue of a . 

equal to unity. Thhs, if Uie differential eqtmtion (3) » 
mlved corresponding to a magnetic field exisUng in the 
chamber G., the constant of mass action of the i^tion in 
^chamber C^apjjears a function of the volume. Similarly, 
it can be shown by using equations of the type (e) that the 
constant of mass action is a function of the masses of 

the constituents. «. i; 11 . *t 

The same result is obtained on appbmg the fieW to the 
chamber C„. The yalue of «, it will be obmrved, will tove 
different relnes for the different molecule. Itwill not b« 
diffUmlt to see from an inspection of equations (d). (4), O), 
and f6), titait the effect of the field on the wnstant of m^ 
action is id thb case different from that obtained by applying 

the field to both the chambers C« and C,. 

If we suppose that the magnetic field is applied to the 
three chambers C« C^. and C« at the same time, it will not 
be difficult to see that the effect on the constant of mass 
action is different from the previous ^ses considered. 
'Hiis indicates that the magnetic field produc^ a cb^ge in 
a molecule which gradually dwppears when it wanders out 
of Ae field, es may happen in the first two arrangements. 

If an electric field is allied instmul of a magnetic field 
m maer results are obtained. 


€ 6. TAo Effect of a Denee Sulitanee on CmetaiU of Mm» 
Action and Catalytic AcHon, 

If in the process to which equation (9) leferf, the su^ 
c to Uie chamber C« docs not oWy^ the gas mwig u» 
expression, taking into account tbst M. is now a fonctiMt 
of», • * ' ' 




Cltemkal InUraetioM. 


203 






will involTe qoantitie* depending on the nature of the 
e. That this i* so will be evident from supjjosmg 
that the substance e in the chamber C. is in the gaseous state, 
but possesses a <»"»y«"We ®olecnlar co^olume, 
case It can easily be shown, similarly as m Sec^n 3, that the 
ibove expression involves this ccvolume. The constanta 
depending on the substance c do not occur elsewhere in tue 
eouation than in the above expression, and also do not ownr 
b? the equations (4), (5), and (6) need to effect the 
of equSon (3). They will be assoaated with factors a hich 
mav^ be exptm^ as functions of the variables 
UL M« wLe M,' and M. denote the masses of the con- 
9 titoen« a and c in the chamber C. when its vdume is V.u 
and V denote the volume of the r«icting 
chamber C« and M. and M, the masses of the 
Tand e it contains. Hence the solution of equation (3), 
from which the concentrations of <he vanons 
thp chamber 0., may be determined , when sntetitu^ 
in eqnation (7), gives the constant of tarns 
of the above variables. If the eqnation of 
mixture in the chamlier C, under the changing 
during «he cycle be known, the calculatoons can ^ 

carriJ out. ^The differential equations involving the ma^s 
of the constituents ns independent variables may simila y 

^Th^, we have the very important *^®*®*^, 
substance in cmtact toith 

to o ceHain istent one or more of 7^... „f 

constant of mas* action f Ukely to 

the amstitHent*. A catalytic agent thus is ®®;J *}f 
change the velocities of the vanons changes f*"tmua»y 
S on in the reacting mixture, but the 
l^nstant of tease action as well, and to an f 
on the volume and masses of the constitimnts o S 

mixture. 'Ihe far.r«iching nature of these results will be 
further dli^tigsed in n separate paper. 

N.Y., OJ8.A* 


* Im. 
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XIV. On the Theory of lAyht-eeatteni^ in LiquuU. 

To the Editore of the PhUoeophkal Magazine. 
Gbntlemek,-- 

-»onblished in the Phil. Mag- v. pp. 498-512 

1 th. liU. of •• AIW” « 

• T • Prof f) V Kaman and K. S. Xrishnan reter 

to alew theory of UghVa^attering 41 ^ 

nr K R Rainw»atl«int‘Indian Jonrnal of rbvsi^ i.p.^io, 

? 927 ^; » their notation., lead, to the formolie 

. . 

^“'6—ir’ 


2ttJ? 


+ 3«eF' 


Sow these foriiiolaj have 

„y wSk I named these “ Form«la‘ 
order to remind us that ^ 

p. 667,1923), wa* the first to give a molecular ‘br®r> of g 
^tterine. ^ This author implicitly sap|K>sed that Ua 

ipolarizatfon-field had no “'to^Tlwiden^’ 

Honed above. I brought this hypothesis into tull tvioence, 

.bowing Ihot it WM .OBlaiiioH., .nJ tbot *'■' ^'”'""',1 

i».ug».... w ...y 

dMv .•oo.p^«»'■n'Xoff.’?.™’.S 

Sr-litStyp \W-King" wWc'' 1 cr >"'"J 

a liqaw or a gaaeona state seem te o®«f' *f the 

•To say the truth, the question of .f ®®i**^*f“•/^oer 

polariaaLu field is still an open one; I wdl Aow.in a pape 
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to bo pttbUobedi soon in the AanaUt de Fhynque, that tbwo 
flaotoiiUons exist, bat that one can bring them m the 
calculations of Ao intermolecular fieW, which must be 
consiaered contrary to the opinion expressed some time ago 
by Dr, K. E. Ramanathan. 

^ ^ * Youri^ faitlifally* 

Dr.Y.Roc,»». 


XV. A Soie OH tU Maynette oy a ToMKiKS 

anti the JWrae'ww of a Stra^ht ^radfm-d'i * ^ 

A-B.C-S-}., F.Inst. P. ( I echnml College, Bradford) . 

H aving had occasion recently to consider at about the 
^same time with different students, the apparently 

di,.r«V«bta»« ,t the "■»«->«“ “ ' "X u“w 

Taking Amp&re s formula i . de . ^ 

f etSte^Je£ j t^e 

XL^rVlrnSy in 

“ t“pN*”‘ThZs'h'.'‘d«wt 

wire and dh, ek perpendicular to I it. inrougn « 

’^tCu if PN*a^P5»n and the angle PfcN=^, the magnetic 
forc^ at p!w&^ 1- the ptoe of the paper due to 
the current element o6, is 


t. a6. sin^ 
r* 


t .ae 


i.de 

ra 


M 

* 

a 




f9' 


• the 



^ Mr. J. A. Tomkios on the Magnet “ 

H«ioe, for Oie irtwk Wacter, Ao magaotle force at 





F 


Fif.L 



1P«r n finite pwaon AB of the coodtictor, tbe contribotion to 
£ ^etic force at P will be 

In ibe case of a thin etrwght wire of attracting matt^, 
if/> be the Huww dMisity, the attracUaa on nnit niaaa at P, 
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4iie toaa«letnef}to£fbewire,wiUbe — along r, irlier* 

O it the contteni of graTitadon. Hence ilie compcmoii 
perpendicniar to the wire is Qp.de. sin 4/r* and that parallel 
to it 6p. . cos 

Comparing Uime expressions with tiiat for tibe nia|pietic 
field dne to a cnrrent element, it will be seen that a similar 
method be employed for their snmmataon. Thus for an 
infinite wire the resultant force perpendicular to it is 2Gp/a, 
For a wire AB of finite Imigth, the component perpendicular 
to it is obviously 

^ .F?* 4>i)> 

vl Qt 


Big. 2. 



and that parallel to it is 


Gp 




, rsae — (COS^—COS^). 


Beturning now to the magnetic field of a circuit, the 
magnetic force at any point dne to a rectilinear circuit can 
be calculated by the metliod given, whereas, with t^e usual 
circular coil> the calculation for ^ints not on the axis 
involves the use of spherical harmonics or elliptic integrals. 
In the cMe of a roctuignlar cirouit, the expression for ^e 
ma gnetic force at any point in its jplane was, I believe, first 
derived by the late Prof. G. M. Minchin *, in a form which 
does not appear to bo nsnally given. 

Let ABCD (fig. 2} be the rectangulmr circnit and P the 
^ven point, through P draw the straight lines LM, NB, 

eiMlSspt 0 » 18 «b 
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P^l to the .id». Then 

uid the ongW ^ t^e megn^c forceet 

trfbotion of those adjacent portions to tne magnew 

P will be 


./Mn^i . sinM_,Y 5- 

‘rv ‘U Vm* 


._ 

+ a,* «! Vai*+<**’'' 


a|%/ s/ax^^t P* 

where v, is the perpendicular from P on LN. 
Hence for the whole circuit the magnetic force 

,p+l +1 + M 

\pi Pi Pi P*' 

Fig. 3. 

A 



. i • g th« circuit a.-* at F, it will be seen 
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where A, B, end C are the angles ef tiie triangle, and pi, ps, 
and pt the perpendicniars from the given point on the lines 
joining tiie feet of the perpendicniars from the point on the 
sides. 

But it can be easily shown that a similar expression holds 
for the magnetic force at a point in the plane of any recti¬ 
linear circuit. 

For Jet BAG (fig. 3) be two adjacent sides of the circuit, 
PL and PN the perpendiculars on these two sides from the 
given point P, and PB the perpendicular on LN, the line 
joining the feet of these perpendiculars. Then tibe magnetic 
force at P due to the adjacent portions LA, AB of the 
circuit is 

./sin APL . sinAPN\ 

*v PL~ ■*" PN ;* 

since the points PLAN are coiicjclie, we bare 
PAL^^PNL and PAN==PLN. 


Hence 

sill APLss^cos PALascos PNL, 
and silt APXaascos PANjsscos PLN. 


Thus the expression becontes 

( eos PN L cos \ 

IMt Nil! IMjN pM/sin FNL/ 

. /sin PLN . cos PNL^ sin PNL. cos PLN\ 

.... ..j 

^, /sin PAN . cos PAL-t- sin PAL. cos PAN\ 

A ^ 

. sin LAN 


Hence, for the whole circuit, the magnetic force at P may 
be written 

.« sin A 
ti --. 

P 

The expressions for the rectangle and triangle are tbna 
but particniar cases of this more general theorem. 


Phil. Mag. 8. 7. Vol. 6. No. 34. Jufy 1928. 
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XVI. A new Method of determining the MobOkg of ^ 
Me^rons in Gasei. By R. J. Vas de GbaaFF, B.Sc., 
Queen* CMege, Oxford*• 

1. TN many o£ the experiment that have been m^e to 

X determine the velocity of ions or ekctrons w the 
direction of an electric force, the velocity that is measnr^ 
is in some cases an upper limit of the m^tn velocity and m 
<^ers a lower limit. This may be due to the fact that the 
velocities of all the ions are not the same, and also to the 
fact that a uroup of ions tends to diffuse in all directions. 
In ord«r to avoid these and certain other difBcaltira I have 
devised a method for measuring the mean velocity of a 
group of ions moving in a gas under a steady and uniform 

^^^h^prindple of the method is the same as that used for 
the determination of the velocity of light by Fixwu, who 
employed a rotating toothed wheel as a periodic snntier to 
break hp a beam of light into sections which travel a known 
distance and then aj^n encounter the periodic shatter, 
which, depending on the time of arrival of the sections of 
the brom, either stops them or allows them to |ass on. 
Thus the transmitted light may be observed as a function of 
the speed of rotation of the disk, and from this, taking into 
account the geometry of the apparatus, the velocity of light 
may be easily computed. 

2. The apparatus used for the determination of the velocity 

Ions works in an analogous way- An oscillating potential 
in combination with grids gives the shutter effect corre¬ 
sponding with that of the rotating toothed wheel of Fue^u. 
The arrangement is shown diagraminatically in fig. 1. The 
pl a te A is maintained by the battery M at such a potential 
thihi % small glow-nJis^harga is formed at tlio oowto^^poiiit I ^ 
thus supplving to plate B ions of the sign whose velocity is 
to be mUinred. These, for the sake of clearness in de^rip 
iioii maT to b# poaitivo ions* xlatos 

and" T> are provided, as shown, with central grids- The 
connexions to the batteries M and N maintain a stwdy 
potential of a few volts, oj^sing the pu^e of ^sitive 
W from plate B to plate C, and likewise from plate D to 
white E- pl**« ® *■ connected to an electrometer for 
the mwwnrement of the ionic cnrrent received through the 

• l>y Ptof# S* 
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£as. As may also be ao«n from the diagnun, the ocmnexions 
throngb the batteries M and N farnisb an electric field 
favouring tbe passage of pcmrive ions from plate C to 
pkie D, and between these plates are fenr eqaallr-simoed 
rings connected to tbe resistance B, which is composed of 
a series of five equal high resistances. This armagement 
provides, between plates C and D, a uniform field in which 
the velocity of positive ions is determined by measnring the 
time required for tbe ions to pass from plate C to plate D, 
a distance of 5 cm. It is evident then that, witii no 
oscillating potential, positive ions cannot reach the plate £ 


Fijr. 1. 
+ 



connected to tbe electrometer, as tbe forces in the space 
between plates B and U, and in tbe space between plates X> 
and E, are in the wmtrary direction. 

In order to reverse these forces momentarily and at regular 
intervals, an oscillating current is supplied to the primarv 
of a transformer T with two secondaries. Si and Sj, which 
have ^e same number of turns and are wound in the same 
direction. A cmisi(teration of the connexions shown in 
fig. 1 shows that an oscillating potential is superposed over 
the steady potentials of the system of plates and rings 
-connected to the resi^nce B. The connexions are arranged 
.80 that the potentibl of this system of plates and rings varies 

P2 
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as a whole, while the electric force between the i.laies 0 
and D where the Telocity of tbe ions is determined, reimuns 
steady’ and is entirely unaffected by the oscillation. The 
Siting potenUal is so adjusted that ite inaamium instan- 
tSlus value slightly exceeds the small, stody, opposing 

plate, B and C and tet.ean plate, 
^and E Thus, when the osciUatine potenUal is maxiinuin 
neeative a group of positive ions wifi pMs through the grid 
in^nlate B^nd on through the grid in plate t,. ■^f***' 

traversing the grid in plate C, the group moves under the 
Sn of the steady elictric field with a uniform vel^ity 
toward plate D. If the group arrives at the grid of plnte D 
Xo tC oscillating potential is at its maxiinnin positive 
value some of the ions will pass through to the plate E and 
iradurin electrometer deHexion. If, on .he other hand 
tWroup arrives at plate D when the oscillating potential 
is not near its maximum positive value, the ions will not 
iLs through to plate E, hut will be discharge.1 on the grid 
Shiite D Thus it is seen that the current tothe electro- 
ineter will be at a maximum when the velocity of the ions 

is such that the time required hy a group of ions to paw 
Lr plate C to plate D is just equal to the time required 
fOT an odd numlJ of half-cycles of the oscillating 
Therefore the condition for a maximum current to tin 
electrometer is that 

W = ‘^ = --.tU 

i n 

where W is the velocity of the ions in the direction of the 
electric force ; d is the distance a|>art of the plates t and 1) ; 
t is the time of flight of the ions between the plates t and I) j 

/■is the freqnency of the oscillating potential; and « is an 
odd integer representing the numlier of half-t^ycles elapsed 
duriig the time of flight of the ions fram plat® ^ P»f« 
ThSs L Telocity of the ions in the electric held between 

r'SnUnvSi^^ - method 

ba^*^n this principle, where a rotating wheel with a slit 
is ^d as a periodic shutter at each end of the space over 

which th, ion, «rc timed. 

, In order to oimnUfy «*• 1 m ntnoh « poridblo, certain 
dcWI. ol the nppnmtn, nre not ,ho-n. The connemon. to 
Arnhite. B, Md D wore provided with potei. .ometer, 
feJIwloteitinlndiortinent. AlMindonble .witch wu w> 

. H. Uperte, d«»l» * »)»«“. Vi#, p. toe (Nov. WBI. 
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eonn^ted that in one of Ub positions the onds of ibe 
resistaneo B were oonnected as shown in fig* 1^ isirfaile in the 
other pcmtion of the switch the ends of the resistance E were 
connee^d directly to the batteries M and N,aiid not throngh 
the swondnries of the transformer* 

In taking the eleotroineter readings, the glow^boharge 
was first turned on by closing the switch H, then the 
lating potential was c^nn^ted to the instrument for a 
definite fieriml, say thirtv seconds, by means of the double 
switch Just described, after which tlie glowHiischarge was 
turned off and the current to the electrometer itieasnred by 
mmns of the induction-balance method due <o Townsend, in 
which the instilaied Byntem connected to the electrometer 
is maintained at aero potential during the conrse of the 
experiment* 

As a sourcs of c^ilkting current for the primary of the 
transformer T, a small alieriiaiing generator of variable 
speed was used, the frequency being determined by means of 
a revolution counter. 

The sides of the instrument, which was constructed princi¬ 
pally of brass, were enclosed by a glass cylinder, the ends 
of which fitted into grooves in the ettd-plate A and in the 
iMse-plate. Both of these joints were coated on ibe outside 
by an elastic cement, which effectively rendered them air¬ 
tight, as was shown by the fact that the instrument gave no 
indication of a leak when pumped out to a pressure of 
0*001 mm. of mercury and left for a period of several days. 

The point P, at which the glow-discharge was obtained, 
was constructed by sharpening a nickel wire to a needle¬ 
point. 

The principle of split insulation was used in insulating the 
plate E. which was connected to the electrometer. Glass 
insulation was used throughout in order to prevent the 
iiitroduetion of impurity by the evolution of occluded gases 
from the insulating material. The electrical l^ds from the 
various plates and rings were taken out through the Imse of 
the instrument by means of copper-glass Joints, from one 
of which a glass side-tube led to the apparatus from which 
the supply of gas was obtained. 

The principal dimensions of tbe instrument were as 
follows >—^The diameter of the inner plates and rings was 
7*5 cm. ; the distance from point P to plate B, 1*3 cm. ; 
from plate B to (\ 0*36 cm.; from plate C to D, 5*00 cm.; 
and from plate B to £, 0*45 cm. For the construction of 
the grids, plates B and C were thinned at the centre te 
a thickne^ of 0*45 mm., and plate D to a thickness of 
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0*26 mm. In the middle of the plat*« a wries of 
cots were saw^ Ihrongh the metal. Th^ co -i 
0*60 mm. wide and were eeparated by strips J® . 
0*36 imn. wide, and covered on each plate an area app 
mateiy circnlar and 2*1 cm. in diameter. 

The' gas used in the experimente wm 
hr the electrolysis of bariam hydrate, and passed mto te 
apparatus by diffusion through a heated miihidinm {"hejus^ 
into the glass-work of the apnaratus. Before each sf « 
experimente was begun, the whote apparatus ’™* j ^ 

mLr times with hydrogen* A Toepler pump and a SlcLe^ 

gauge were connected to the apparatus and 7®”* * ^ 
from the instrument by taps and a houid-air trap to present 
the diffusion of mercury vapour into the instrument. A g 
glass tube «as connected to the instrument m or , ?. 
fide a space in which an electrodeless discharge could ^ 
formed. *^Tbe spectrum of this discharge was ^ 

intervals with a small direct-vision sfiectroscop, and no lines 
due to impurities were seen. 

4. The electrometer readings may he taken ^ 

either of two plans. In the first method the ridings corre¬ 
sponding to Various values of the »>otential between plat,^ 
ctnd § were taken, while the frequency of the o^illating 
potential was kept constant. In the second methwl the 
eTectrometer readings may be taken with differeni 
of the oscillating potential, while the field of ^®^ 
plates f- and D is kept constant. The second of t . 1 

u not so convenient experimentally as the ^ ,ij 

between the various readings, only the connexion I on the 

by .h. 6r.. method ...y 
be shown bv a curve, where the electrometer current is 
plotted as a‘function of the voltage V between the plates 
D and D. Two examples of these cnires for positive lom 
sirgiyen in figs. 2 and 3. The curve, fig. 2, represents the 
resttfts obtainll with hydrogen at 94 mm. “""J 

the curve, fig. 3, with hydrogen at 181 mm. Assuming for 
the moment that Ae velocity is pro^monal to the «*«tnc 
force, the time of flight < of the ions is inveraelv proportional 
at any point on thl curve to the voltage V, the ab^isra ot 
the pwnt. Thus, in passing a^e the curve from right to 

left, the inoreasing time of flight bj^mes ®2”*i 

first to one-half cyel« ot the oscillating potential, then to 
three half cycles, then to Are, etc., and in ®*^ 
current passwi throngh a maximnim value, in agreem 
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Aquation (1) above. If V] ia the valae ot tiie voltage at the 
firat maxitnom, oonresponding to nssl, then ^e snccessive 
tnaximaais shoidd oecor at 1/3Y], l/5Ti, etc. Inspection o£ 


Rg.2. 




figs. 2 and 3 shows dmt this is the ease within a few per 
oent.> and the rMolt confirms Uie assomption imde above 
that the velocity of the p<»itive ions is proportional to the 
electric forcNS, within tihe range of the experiment. ^ 
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As the origin is approached, it is seen that the maxama 
fall nmrer and nearer together, until hnallj they become 
indistinguishable, doe to diffnsion and other causes. In 
fig. 3, for example, this occuie after the maximum corre> 
sponding to seven half cycles. 

5. The velocities W of the ions may be found from the 
points of maximum current on the curves, the electric force 
being Yjd. With hydrogen at 94 ram. pressure, the 
velocities W and the corresponding electric forces X obtained 
from the curve, fig. 2, are;— 

W. X. 

677 14'8 

226 4*84 

135 2-96 


With hydrogen at 181 inm. pressure, the values of W 
and X obtained from the curve Hg. 3 are — 

W. X. 

677 27-2 

22G 9*04 

135 5*00 

96-7 . 3*60 

’"V 

If the mobility W® be defined as the velocity of the ions 
under an electric force of one volt per cm. in the gas at 
760 mm. pressure, the velocity at the pressure p is 

W = 760.Wo.-. 

P 

Using this relation, the valnes found for the mobility 
from the valnes of W® obtained with the two largest forces 
are 5*66 and 5*78 where the pressnre was 94 mm., and 5*93 
and 5*95 where the pressure was 181 mm. The mean of the 
above values gives Wo=5*8 cm. per second for positive ions 
in hvdrogen. 

T^e valnes obtained by different observers for the mobility 
of the positive ion in hyarogen vai^, but most of these values 
Ue between that of 5*34, obtained by I^ttey and Tizard *, 
and that of 6*70 obtained by Zeleny f. 


a B. T. Xa^y & H. T. Tizard, Proc. Boy. See. A, ixxxvi. p. 349 
0913). 

t 3. Zolmf, Pbii Tiaas. A, exev. p. 193 (1900). 
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6. Hie metiiofl of determiiiiog mobilities described in this 
paper shows the presence of ions of a given velocity by a 
curve chameterised by a ^ries of maxima^ whme dbarpness 
and relative fKisitions give a measure of the accuracy and 
reliability «of the results, The accuracy of the eaperinients 
is not appreciably aftected by diffusion and spa^-charge, 
as these tend not to shift the positions of the maxima, 
but merely to make them less sharp. The method is 
adapted to the investigation of cases where there may be 
present in the gas different kinds of ions having different 
velocities. Each kind of ion would then shown by a 
separate series of maxima whose ab^tsssB would show the 
velocity and whose ordinates would show the relative number 
of ions of that kind. 

The alieriiating*current generator used in the present 
experiments can be replaced by a valve oscillator ea|mb]e of 
supplying potentials of higher frequency, which could be 
us^ to extend this method of investigation to the determina¬ 
tion of the large velocities of free electrons, or of positive 
ions in gases at low pressures. 

7. In conclusion, I have much pleasure in expressing my 
gratitude to Professor Townsend for his constant advice and 
inspiration throughout the course of this research. 


XVII. 0#» iJto Ma^nelit Su$ceptibilihes of Eketronie Isomers* 
— Part IL Bp IVofessor S. S. Bhathagak, JKSe.{L0nd.% 
and R, N. Math r a, Ji.ic.* 

I K a previous paper in this Journal t, S. S. Bhatnagar 
and C, L. Dha%van gave an empirical equation which 
was found to give remarkably satisfactory results for the dia¬ 
magnetic susceptibilities of some twenty electronic isomers. 
According to this equation 

.r«,«-2-85xl0^^x(KR)S . . . . (1) 

where 


molecular diamagnetic susceptibility, 

R=sr radius of the molecule calculated on the assump¬ 
tion of closest packing of the atoms constituting 
tibe molecule, by using Bragg’s data for the 
diameter of atoms t* (A complete account is 
given in the paper referred to al>ove.) 


m 


t 


Cmamameated by the Authors. 

FhiL p] V. », 0^ (10^). 

W. L. j^ij. Mag. xl. p, If^ (1^0), 
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And Kssan arbitrary constant, but whtcb in a »»«** 

isomers is found to exhibit mriations with the 
number of atoms in the isomers. (Its signin- 
oanoe was considered in the jMper referrei 
aboTO, and has again been considered later on m 

thisiiaper.) . ^ 

According to Langevin’s theory of atomic diamagnetism 




( 2 > 


the summation being extended over the n C 

atom, and P being the mean square of the »dio8 ot 
the iToJected orbit in a plane perpendicular to the held. 
Multiplying (2) by Aragadro’s number, we get 






And on substituting the values of constants in the equation, 
a..*-2-85xl0«>2.r*. .... O) 

The resemblance between our empirical 

is remarkable, but while (R*) in (1) gives the square of the 
llZsTthe molecnle, (r*) in (3t is the •««“«JXto 
the radius of the projected orbit in a plane 
the field. In order to m..ke the jjlelf 

in (3) the mean square of ^be ^ 

instead of the mean square of the radius of tbi p J - 
orbit. If r, (components n) i^tl»« Z 

electron from the nucleus, then lor an atom 8> mine 

the sense that 

*1* * .Vi* •» *1 . 

2r» * 

and equation (3) then becomes 

^,»~2-85xlO“»x|Sn*, . . . . W 

and equation (1) can be written as 

V,.»,>2.85xlO«xiAR*,. ■ • • 15) 

where iTssfCK)*. 

The resemblance betw^n Langovin’s 
empirical equation (5) w now closer than that between 

. (81 empJeysd in the 

SSj^orthHar/K c^the Uagerin-seoaospt of the theety 

(^£inBi^rneti«Bi. 
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^uatjons (1) and (4)^ and abows lit# fiaint tliat 

instead of extending tlte sninmation over the^eleetrons in 
the isomer, it has to be extended only owr a fraotion of 
them, gtTon by tbe Taloe of the eonsta^nt JC It has been 
noted by several workers^ that, in order to make the ^nation 
of laingevin appticable to all atoms, an effi^tive valne of n 
may have to he taken, and hence the oon^nt K in out 
eqnation (whose valne is different from n, and in the oum of 
isomers of high values of n, much less than n) assumes 
{mrtionlar si^ificanoe* In this investigation the values of 
tbe diamagnetio susceptibilities of over twenty electronic 
i^mers have been experimentally determined, and 
tion (5) is found to be applicable in all cases. 

The apparatus used to determine the diamagnetic sm^pti* 
bilities is Wilson^s modification of Curie^s Balance. The 
substance contained in a small glass tube, attached to a 
light aluminium systenu is sus{)ended in a tion^homogeneous 
magnetic field by a thin silver riblion. The forc^ exerted 
by the field is balanced by the torsion of the sopension, 
and read off from a graduated torion-head. A complete 
description of the experimental arrangement is given in a 
paper shortly to be communicated. The susceptibilities of 
the subshinoes are calculated bv the formulat 



where susceptibility of the specimen. 

Msamass of the specimen in grams. 
j?^«gpceific susceptibility of air (210 x 10“^). 
M^sssthe mass of air filling the same %^ohime as the 
sp^imeii. 

,t^ssthespecificsasceptibilityof water (—-7*25 x 10*^}. 
m«pss:iiiass of water filling "the same volume as the 
specimen. 

m^isszmnm of air filling the same volume as water* 

Dss torsion dne to specimen-tithe 4-specimen. 
DjiSKtorsimi due to specimen-tithe alone, 
torsion due to specimen-tube -f water. 

^ Before determining the suftE^eptibilities of tbe sutetences 

f ivea in this invosiigation, substances of known suscepti- 
ility were used, and the results obtained were within the 
limit of the experimental error. 

The iwdii of the isomers used in this communication, 
oilculated according to the method given in tiie previous 

• 8toiw% * Magaetbiii az^ Ateiaic Sti^K4ar@^* Ctop 14. 

^ Oxfey, Bfoc. Eey. Sec. A, ci. pp. ^-279. 
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paper to ibis Jeorna], are given in Table 1. and the 
remaining remits in Tables II. and III.:— 

Table I. 


iiiidtiiM irt A* 


... 2*183 

C^Br, .. 

♦ICI.... 8*475 

•OCI . 8425 

Ethyl .............. 1*357 

Butyric acid.1*357 

♦KftCl......... 2*825 

*CmO .. 2:m 

ICdhyi nictate.. . 1*288 

Propumicftcid... ........... 1*268 

♦Jtfa ... 2-825 

•BaO . 2*7liO 

.. 1*5^ 

Beuajl alcohiil. .. 1*582 

... 1*1*22 

K,CO, . 2*875 

Crmul . 12412 

Fhemt hydraaiiir ..... ... I‘51 5 

Toltifdiiie .. 1*584 

Methyl anilmc... .. I *584 

♦NaF . 2*450 

♦MgO... 2075 

IsotHitylaldehydff............ 1 *8i>5 

McUiyt ethyl k^ne .... ... 1*305 

FheuyI acetate .. 1*620 

kleibyl be«aE<i»te . 1*620 

EthylRtiiitne....*., .......... I'OOi 

Bittictliyi atidine............ 1*601 

TeH^oJ..,... 1*471 

EttSO, . 1051 

Oiyccwiie ... . 1 828 

Antlifie .. 1*460 


* In th# m»e of mibilaneea marlad with ^ the radii baee been iiM^ined hy 
mmmu^^n of the r»dit of the atom*. This ta at it idiould he. 

In Table 11. the r^nlta obtained hy calculation from 
equation (5) are tabalated against the experimental values, 
some of which are taken from the Pbysicf^-Chemical Tables 
of landolt and Bomstein, and some determined experi¬ 
mentally. 
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Tablb II. 


•Atomic 

numhen 


£xperiiDeBt«l. 

-^jaXlO®, 
Oalculated on 
equation (5). 


KaCI... 

nm 

22^4 


CaO...* 

......... 1612 

15*74 

U 

BaO ... 

18*4 

21*745 

m 

A?Cl. 


31*99 

2u 

KaF.. 

1176 

10*95 

2i> 

MkO. 

......... 6*76 

7*83 

m 

K,CO,. 

......... 7602 

81*57 

m 

C»SO,.. 

6176 

43-00 

T2 

.. 

47*12 

48-04 

72 

KI ... 

........ 51*46 

50*^3 

7M 

TcIf.O^ .. 

. 33-72 

33458 

71^ 

EnSC\.. 

....... 4358 

42*44 

m 

acetate .. ... 

....... 30*78 

41S 

40 

Propionic acid... ... 

. 43S3 

41*8 

48 

Etin 1 acetate . 

.. ..... 587 

604 

48 

Butyric acid .. 

.. 61*13 

6042 


Anisol ... 

72*79 

72^79 

m 

Bensyl alcHihol ...... 

........ 67-60 

72-79 

m 

emMd ....... ........ 

. Tin 

7279 

hH 

Pitetiyl ttydmxine ... 

......... 67*82 

70*21 

m 

Tcduidine....,.. 

......... m-mt 

73*00 

m 

Met4»yl aniline ...... 

......... 82*74 

73-00 

40 

1 sobut yialdeliyde ... 

. 47-43 

47*56 

40 

klethyl ethyl ketone 

.. .... 4745 

47 56 

T2 

M^hvl benao&tc...... 

83*23 

82*9 

72 

Phenyl acetate ...... 

82*69 

82*9 

66 

Ethyl aniline ........ 

89*3 

89-4 

66 

IHniethyl aniline..-.. 

. 8»-6« 

80-4 

60 

0ly«^rttte** , 

56-12 

.'53-3 

m 

Aniline*......*,.,..,,,. 

.„**.**„ 05*1 

651 


* Th« numbef in the ease of eompouti«ls has been takes to tneam 

the sum of the atomic numbers of the elemeuts in the compound. 
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S^Jimnce of Kempltyed in equation (5). 

K is an arbitrary constant. Its yaiae for OTory two 
isoroaric molecules is tlie same, as shown m Table ill., 
where the values of K have been ^mbled together 
with the atomic numbers and the number of atoms in the 


isomers: 


Tabi.b IIL 


So. of 

Aiomm 

Sybstunc^. 


Bumben 


2 

W 

—.- 

2 

20 

M«0 . 

2 

28 

K»CI ... .. 

2 

m 

c»o. 

*> 

64 

Agci . 

*> 

61 

B»0..... 

2 

72 

C#€i ... 

2 

72 

K1 .. . .. 

e 

m 

c««o«. 

e 

m 


a 

78 

imx\ . ... 

a 

78 


11 

4t> 

. . . 

II 

40 

FrBpiwc J*ci6 

13 

40 

.. . 

13 

40 

Methyl 


14 

14 


4$ 

An 




14 

50 

Ofir{!«rm0 

14 

50 

Aniline • 

16 

m . 

.. 

16 

58 


{6 

58 


16 


PbwiyI byavwtine.. 

n 

58 

Taluiflitm . .. 

17 

m 

Mttfeyl .. 

18 

.72 

Mmhfi . 

IS 

72 

SMteto .... 

w 

66 

Etbjit ... 

20 

m 



Tain# af K. 

one 

cnie 

lb 

\b 

2 1 

2*1 

2*2 

2*2 

6*0 

60 

H-m 

un 

IS79 

147 

H7 

1532 

15*32 

inm 
ir»m 

16-305 

nmb 

16*32 
1632 

16 44 

wu 

*Ta'34 

mm 
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A emumii^ation a£ the abore table shows thrM 

significant relations between the values of K :— 

(a) The values of K increase with the number of atoms 
confined in the molecule* For eaamplci in the case of 
molecules having three atoms the value of JT is 2*5* For 
molecules having 13 amms it is 14*7, and for molecule 
having 20 atoms it is as great as 18*34. 

(d) The values of JT for every two isomeric molecules are 
the same* 

(r) In the case of groups of isomers having the same 
nuinber of atoms in the molecule, the values of JC increase 
with the atomic numbers of the groups* For eaample (CaSO^ 
and Kf(X)j) and (TeHfOj and ZnSOi) are two groups of 
isomers having the same numter of atoms (six) in the 
molecule hut having different atomic numbers, 68 and 78 
respectively. And the value of K in the latter group is 
greater than that in the former. Similar relations also 
exist between the grou|>s of isomers having 2 and 14 atoms 
in the inoleeule. 

Most of the experimental data have been taken from the 
unpublished work of Messrs. C. L. Ohawan and S.L.Lii&ra, 
to whom our tlianks are due. 

The values of K for the isomorpbous series given in 
Table V. in the previous |mj>er (Phil. Mag., March 1928, 
vol. 5, Ko. 291 have not been discussed in this paper on 
account of the doubtful purity of these substances. 

Unieepity Chemiod I^'x»ratoiies, 

Univsmity of tiie Fanjab, 

Labors, ladik. 

23rd Fsbrwaiy, W2B. 


XVIII. Frequm^ Varmimm of the Triode Oscillator. A 
JRepltf to JLmit.^Col. JEdaemofiKAJd.LE.E. 
By Davio F* MABime; AM.aSc^ 

I N the April number of the Philosophical Magaxine 
^ere uppers a note by liieut.-(kil. K. E. Edgeworth 
under tim above title, referring to a previous paper of mine 
(Phil. Mag., Nov. 1927), also with tibe same title. Edgeworth 
remarks that it is obvioue that I must have overlooked his 

* Oimmmbaid^by IWt E. Tajlor Jciws, BM. 
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• « ««nAr an “Freqaency Variations in Thermionic 

(WW^S^Uoa on «A “">»'>-■ ‘i!* 

claims that So far as ry^ ^ agreement, and the 

offered ar*e^ substantially the same. The main 
explanatiOTS o ^ variations is associated with damping o£ 
cause of . .. y circuit, and, other things 

T ”1^1 *r. magnitoa. ?f tlSlr„W ™ri.lion » 
to the Amount of damping. This type of 
Cw'Lotion i» referred to in my ,n.per .e . frm,n.ney 

''“M“re°o'nSli®rm«r;ute timt I hed r«,d Edgeworth-. 

? r^ A*frr;tinir mv own, although I did not see occasion 

it (’hief among inv reasons for not doing ^ 
to refer to It Unef ejng . v.ri.tio.. eoD.idere.l hy 

the hot »' »|d«!>"'i« 

Edg^worfcb - V J : a: I 

the l«rg^^'’‘'‘^"rfd^t"frth’s cxrierimentol results, and 

investigation ^of^^Ld,^^ others, ha.s Wd me to the conviction 
comparuo , jj ti^ose of others, are explained 

th.. 1;« tr’.‘^d current theory dovelopmi in my 

coinpletelj hi the frequency variation 

paper '.‘’Pacewortb Ire of very min . 

Tt't« i»’.» rSri;:? for' . nn.J,Ur of ywr. .!». .W 

frequency of the triode oscillator was not exactly , 

but depended to some extent on the values of the aiiocie and 
marneSt voltages of the triode and on the coupling l>etween 
thrcoi s 'rh<. ‘he frequeniT vanatmu has lieen 

found to be, at most, 3 per cent. Several experimental 
n^itigations of these fretiuency variations were mafle, 
notehlf bv Bedes an.i Vincent *: but, in spite of the great 
Lporiance of the subject, both in wireless tedinologv aiul 

to^he laboratory, no attempted theoretical explanation «as 

nVushed until Bdgeworlh^s paper api«*areu in March 19ih. 
?n October 1926, while using the timde ‘ tunetl-aiiode 
oscillator, but with abnormal valnes for the coil nuiuctanees 
^d lhe condenser capacity, I obta.ueii extremely large 
*** • A- . r.e frantiencv extending over several octaves, 
filament^current or anode voltage of the valve was 
j j- order to explain these effects I developed a 
^tt^ntid theory .f the r^ilUtor -‘“'"nok ^eonnt^f 
the flow of grid current in the valve. By the aid of this 

• Proc. Boy. See. xevi. k xcrii. (1920). 
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theory, f» describ«d ia my pravioos paper, I succeeded in 
esplmniog every tTpe of frequency variation which I 
ohWvmi. It is Colonel Edgeworth’s claim that the theory 
which he had put forward is capable of explaining these 
large fr^uency variations. We shall now proceed to 
analyse ^e four causes of frequency variation which he 
considered. 


{1} The first cause of frequency variation is sidd to be 
due to “ grid damping " when there it a eondenter aerott the 
arid <ml. Equations are developed giving the extent of the 
frequency va riation. This is the oauw of frequency variatiim 
which E%eworth specifically claims to be cabbie of explain>- 
ine the large frequency variations which I observed. In 
my experiments there was no condenser across the grid coiL 
On putdng CtseO in Edgeworth’s equation (no. 8 in the 


paf»er) wo find the frequency at once reduces to , 

2w V ijiCi 

so that no frequency mnationt whatever occur! Even if we 
allow for a considerable seir>capacity in the grid coil, the 
frequency variation predicted by Edgeworth’s theory is 
exceedingly small, and qnite inadequate to explain the 
variations which I obtained experimentally. 


(2) The second cause of frequency variation only applies 
wlien a tuned-grid ” oscillator is used, and hence new not 
lie further considered. 


(3) The third cause of frequency variation is due to the 
presence of resistance in the anode coil. This, however, has 
been previonsly worked ont by Eccles *, and I have shown 
that it is much too small to account for the freqn«icy 
variations which I observed. 

f | An effect due to barinonics,as worked out by A{>jpleton 
Greaves f. This effect also I Imve considered in my 
paper, and have shown to be exceedingly small and un¬ 
important. 

Summing up, then, we see that none of the four <»nses of 
frequency variation put forward Edgeworth is capable 
even of explaining a frequency variati<m which in any way 
approaches the order of nuignitade observed by Eccles and 
y inoent. Still less can they explain the very large freqneiiqy 
clmngee which t obtalnim. eorreoi naiagnitnde of 

frequency variation is at once obtained, however, from 


• ^oe. Vkjt. Soc. xxxL ( 1919 ). 
t Phil. Mag. xlv. ( 1 ^ 28 ). 

pm. Maq. 8. T. Vol. 6. No. 34. July 1928. 
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equations which I have pat t^f al^oRh 

Sw of grid 45 arrent- It is a to have 

from the text of his paper, .. «at in 

rMilized that srrid current was a factor of importance, yet i 
h^‘tW^f treatment of the Mejias ne^ec^ : 

of introducing damping into an o^illatorj grid cjrc . 

Edgewortlf further suggests that tlie ° „ i,_ 

freouencY variation can be increased indenniteK inertly y 
SS th. ‘-grid toping." 

tnerelT results in the msmtim of oscillfttions. ..btnined 

magnitude of the frequency variations ^ 

with a given valve depends entirely upon the values of the 

as worked out in my paper under the 

ra»iv2> * JLi * mt 

‘‘Conditions for Maximum Frequency Variation. 

^ A careful comjmrison of the exjairimental results which 
I tajroluained working with large variations at low 
frequencies, with ihose of other investigators 
small V. nations at high frequencies, has revealed the fact 
ihnt there are no essential differences, other tluui magnitude 
Stweertl e results. Since the theory based on grid 

^rrent has bi*en completely successful in f ?«/ 

durreiu ua tlW h fvorv reason to U4ieve that 

S same theorv provide.s the explanation of all the freituency 

larSns to w^iicb the oscillator is subject. n other words 
when the resistances present are not large, and the frequt iic) 
is not too high, h /hr the importuM muse of 

Lriation is the tiow of ,jrid cnrrenl, ami all the t:,f>es of 
variation tchich have been observed expenmentallp may l>e 

*'^^One*imtmrtenl consequence of this fact is that »f we ran 
succeed in^Hminating grid current from the osctliafor. then 
U Swld be po.ssible to attain a frequency winch will po«ess 
a ;erv high degree of constancy. Previous eximriments on 
theattemW^ elhninatiou of grid current, de^ribed in my 

ftomor mner suggested that this was a difficult if not 
irapossib^^matter^ These experiments sufficed to >»dtc»te 
.S the elimination of grid current was a problem which 
could not be solved merely by increasing the hias 

in the grid, the method usually recommended . To test 
ihe ooi^ibiliiT of haviog mto grid current in mj mriicular 
iircSI^toiHS^. a series of measurements were made for the 
purpose of plotting V» (the square of the peak voltage across 

♦ Mraffia. •BSfio-Freqiwicy MewmamBi^' p. 7. 
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th« anedle coil L|) agaiast {the total grid oarreat). II it 
is impoiiiblc to have the grid eurrent aeroy then we should 
eapeei these curves to pass throogh the origin. If, on the 
other hand, zbto grid current is a possibilitj, then we should 
expect the corves to intersect the V* axis. 

60ine of the carves obtained showed a definite tendenej 
towards catting the axis, thus indicating that zero grid 
current was possible in these particular cases, while oscil* 
lations were occurring. An extensive series of observations 
were then made in order to find the best conditions for the 
eliininatiott of grid current. The results may be summarized 
as follows :— 

(1) Tim high tension vollage should be as large as the 
valve can take without damage. 

(2) The eonpling between the coils L| and L* must not be 
too loose. 

(3) The negative bias on the grid should be as large as 
possible. 

(4) The filanierit current should be as low as po^ible. 

(5) The inductance of the coil Lg should he small. 

In nractice, the best method of procedure is first to set 
(1), (2), and (5) to appropriate values. Next the filament 
eurrent is gradually reduced until oscillations cease. The 
value of (3) is then read justed until oscillations rewmmence. 
The filament current is again reduced, and the same pro¬ 
cedure followed repeatedly until the filament current is so 
low that oscillations will only occur for a very small niuge 
of grid bias variation. With the oscillator so adjusted, the 
filament current may be varied over an appreciable range 
without causing grid current to flow. This mnge decreases 
as the coupling is decreased. An improvement in the 
elimination of grid current is effected by inserting a sinall 
condenser in series with the grid coil This condenser 
was found to increase the range of variation of filament 
current over which no grid current flowed. It acted by 
automatically adjusting the grid bias. Thus if the filament 
current was such a$ ^ cause a small current to flow to the 
grid, the condenser charged up negatively and so stopped the 
flow of grid current. 

The condidone for the elimiimliou of grid eurrent having 
%^n determined, an oscillator was specially designed and 
eet up, in order to find out bow constant the frequency 
would be in these circumstances. In order to keep the high 

Q2 
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.£ lb. o.iU 1.. they r"?’“"tmUr 

«ir« This wire is made up of a large numoer 

.boDil. ojUndOT of difcroot Bta, w> *b»‘^ ^ 

Su'^lo *. ^al. drooit, A .“»dl 
0-001 Ojfd. was inserted lu senes with 

The oscillator was adjust^ to the “““^^®^|l^toXui 
and the grid current eUmmated. A ^ 

set up. nrodudng 

that of wire io series with a 

Sir’’ rf hirtZk^”"- A oof of .odibl. f'?q’““y'JJ 

r.‘d"B£.“”y'^oS(‘«Cg'vj 'STfC™.; 

Wb.n lb. «lam."l oomml ”“*1”^,!^^;.^.' K U 

was of conrso# coBStaot to a mocb htgoor g of 

To do4t that an oscillator «> de.igne.1 “.^’J^'^lat 

f^urncT which is considerably more constant than that 

Iwcl. b obtained from onj of the f ‘^****'*“‘ 

frecnencT circuits designed by Fromy * and others. 

oily di«dv. 0 Us. i Vjr,ltr.T.l'.n IW'^« 
of ,.,.lSng .ooumle pb^o.1 

tbo Irio* oSlor. «nb grid oorront .l.i»m.led, .hoold ho 
of great Talne. 

The experimental work described above was 
♦ Ak* Hjiftoaroh liaboratonoi of th^ Naiitral Fbiio^p 

SSepartment of the University of ^rtoeuTof 

iw^iSated financial assistance from the Departotent ^ 
ECS^and Industrial Bewiarch. I am greaUy indebted 
£^P?5^r E. T.ylor Jones for much helpful advice and. 

Moooragerawt. 


April 1»S& 


• i*Owfc JE7«<ri}««, 4e sanfe, p. 488 (l^;. 
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XIX. On Han^on-JaeoM^t p^erential Eqm^m 
in Dynamet. 


To the Editor» of ike P^tojMaxl Magaane. 


Gentlemen,— 

I HAVE just T&td Prof. J. Kanz’s article A Note on 
Hauiilton^tJacoW*# Differeotoal Equation in Dynaimcs 
in the January iasne of your Magazine. I shouid like to 
remark that it Ims caused me (w«l probably n^y others of 
your readersf mUd surprise. Unlws I am mistaken. Prof. 
Kunz regards his manner of deriving LagranM’s equations, 
the equation of energy, and the Hamilton-Jaeobi equation, as 
purely original, whereas tt is surely already well known 
granted the condition which Prof. Knnz shonld have (hut 
has not) proved, viz., that 

JtEi-Bp) dtnz^/(t, qu • . qu 

is stationary along the actual trajectory, as compared with 
adjacent ones. This is easily shown by using the equations 

(x, y, z) a= —BE^/d {^, y, *).(0 

Now any text-book on the Calculus of Variations {vide 
Williamson's ‘ Integral Calculus,’ pp. 4iM), 437, et teq.^ or 
W-hittaker, ‘Analytical Dynamics,’ pp. 266, 267) proves 
that the condition that 


J V(t, }i,. • 5»i Vn • • y»> yi» •• 


is stationary are 

ft B/ ...(r=l,..«) 

^‘^^rdAW^J^dtA^qr) 

together witii certain terminal ^nations. In 

rSmtain derivatives of the q’s ol order no higher than the 

fiTOt 
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Moreover, if/is quadretic in the Qt. then 

df 


dt \ By 


"U\ 

^ dy 


Bf 






B/ 

and if Bf/B< vanishes we have at once that 


^dt'^qS 


. . (3) 
by (2), 





s= constant 

^ B? 


is a solution of the Hamilton-Jacobi equation 
0=H(sf, BS By) + Bfi B^* 

(For »11 .h«o r..oU, 2 :::. 

Miituyaheri-’is an error in an important equation of 
Prof. Knnz. Instead of 




it should obvtonsiy read on the right-band side 




|i +s(y,' Ij; +j^r'' |^,)-2 rf* (sy 

Bf 


y/’|i;,+yr 


/ Bf 


fc» 


^-+2yr darlByr'^J 

u in (3), though this mistake is corrected 

equatioii 


in the nej^ 


97 Thombary Boad, 

OiStadey Parit, Midi*. 

Pei m, im 


Yours faithfully, 
AlCTHDK J. CiABB. 
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XX Ovtuallv Exdletl lo^ne Bandt mth Alternate Mimng 
^ Unel bI Pror R. W. Wood, For.UemJl.S., The Johne 
Uaph-Ht UniverAty, and Prol. F. LoOMlSj lark 
C'nirereUy *. 

[Plate IL] 

T his paper i* a report of some direct experiiuentel 
evidence that, as predicted by the wave inechanics, the 
rotational states of symmetrical molecoles are «iivided into 
two classes Iwtweeii which transitions do not occor. These 
classes of states are those whose eigen-fanctioiis are tespec- 
tivelv svmmetrical and anti-symmetrical in the p<»itionaj 
coordinates of tlie nuclei. The evidence has been obtained 
as the result of improvements in tbe technique of exciting 
iodine fluorescence. 

It was shown bv R W. Wood in 1910 that if iodine 
vapour in ramo is excited bv monochrom.atic radiation—for 
example, the green mercorv'line,—the vapour emits a senes 
of close doublets, 27 or more in number, spaced at nearly 
equal intervals on a frequency scale, tbe first doublet 
occurring at the wave-length of the mercury line, and the 
last in tile remote red, brought out only by photography with 
a dievauine {date. In 1920, when the methods of the Bohr 
theory of atomic si»ectra were first siicccsstully applied to 
band spectra, Lenr^^" showed that this series of doublets was 
unmistakable evidence for tln> selection principle tor 
rotational qnantnm iiumljcrs,/—y' = ± 1, whose introduction 
was the essential new step in the theory. 

The accepteil explamuion of this scries of fluorescent 
douhlets is briefly as follows. All the iodine molecules 
which happen to absorb the narrow green mercury line are 
th^rabv lifted into one «ieiintte which happens to he 

«'-=2tf, ;' = 34. Since the molecular vibration is anharmonic, 
the correspondence principle jiermiis transitions to 

anv vibrational qaantmn nunilier Thus the * * 

«-hich coincid'‘8 with the green line (the xero-order doubletJ 
corresponds to the vibrational transition the _rs 

order doublet to 26>1, etc. The possible values of the fanal 
rotational quantum number/' are, however, stnctly amitea 
by the selection principle, /'»/:}:l, to / *33 or 35.^d 
these corres(iond to the two members of each donbiet. inat 
is, the fluorescent series is picked out of the very complex 
emission speotram by the limitation to a 
ami consists of one lino from tli« R hmneh (j 

* Coininiinicated the AuAorSa 
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line from the P branch of each band having 

** T/a little inert gas, say helinm, »* 

t il L. rLifl by Wood and Franck that the floor- 

^mit 8i»ectrum was enriched. 'Hie bands to M 

.««•■ d-'*** a™' 

bands represent transitions from all these statM. 

These bands are the subject of the present stndy. In order 

the vapour. The lamps are arranged ^ 

vertical class tube containing the iodine sapoar. It 
IS bv arauxiliarv, bv simply closing « switch, which is 
far more convenient tW the oWer arrangemenUn w ^ 

\&mn was lighted by tipping* lotliiia tabes are 

M cm ”n SS bT 5 Z. in .»•«.•»'. W”"” ™‘“‘ 

ta 4Tf.™ “r . .bin cl..r bnib, nnd dm-n nff 

the bottom, to prevent reflexton and secure a gc 
oronnd The oblique cone at the Iwttom is patnted black on 
Se out^de. Wit2 this arranpment it is P®*****}® 
nhotographs in the second-order specirnm of a b- iS*nr« 
^iii^ with a lens of over 3 metres focus in about l.» hops. 
*T*1 n fig. a, shows the spectrum obtained when^ie to4tm 
U in ^ ^nce of helii at i mm Str« ^ 

ti«,d T.m 

W.^tb n'-iS, tkrt i,. ■' 

kind suffer no change in n'; some have « changed by l.a 

'• pP STS 
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interestiog poiat, And the one wbioh «e are here 
chle^ l»nieeriied, ie tlmt these bands contain fever lines, in 
any ^ven region, than the corresponding absorption bands. 
For instance, on PI. II., figs, b nnd e, which are enlarge- 
menta of the (26, >) and (26, 3) bands in 6g. a, and still 
more distinctly in figs, c and J, which were made in the third- 
order spectmm, it is plain that there are only two lines within 
the donblets; whereas Ijoomis’s analysis of the absorption 
spectmm shows diat there are actually ten absorpti<m lines 
in this region, five on the R branch and 5 on the P branch. 
Compare tig. 1, the upper part of which is a Fortrat diagram 
of the (26,1} band, and in which the circles, both full and 


Fig.L 



Above it A Pormt diagniBi of die (28,1) absorption band. Lines with 
efen/ are indinUtn by solid circle^ Uitise with odd f by hollow 
circl**#. («) is a plot of the absorption Bnae harinn even raluea of 
/. (A) is a ]dot of the centiea of the tines of the nnorescent band 
* as it appears when iodine it nixed with heliam 4 mn. pressure. 

hollow, represent absorption lines. It happens that this 
teind has not been measured in absorption, but its lines 
can be accurately calculated, by the tmmbiiiatien principle, 
from those of the bands (26,0), (29,1), and (29,0), which 
have been measured. The relation between the finores- 
cence ami absorption innds is shown in the lower part of 
fig. 1. Mere the upper spectrum has been obtained by pro- 
.ecting down from the Fortnit diagram the lines with even 
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j* (i. e., th(»e represented by fall circles) ; while the lower is 
a plot of the centres of the lines of the same (26,1) band as 
it appears in fluorescence. Clearly, the floorescence lines 
conwspond exactly to the absorption lines with oven J\ and 
the alternate lines are missing in the fluorescence Wnd. It 
is true Unit each line in the K branch hapfiens to lie so close 
to a line in the P branch that they are not quite resolved ; 
but the spectra show plainly tliat the fluorescent lines far 
from the bead are liecoining broader. A special grating was 
therefore ruled for the work, exceptionally bright in the 
third-order spectrum. Only one or two satisfactory photo¬ 
graphs have lieen made up to the present time, owing to 
troubles with the therinostat, for a more exact temperature 
control of the grating whs necessary in this case. PI. IT., 
fig. /■, shows the bind associated with the third-order doublet 
(26, 3), the lines indicated by arrows being cleaHy, re¬ 
solved. The lines of the third^rder doublet are 1'67 A.tJ. 
apart, and the seftaration of the closest doublets marked by 
arrows is al>out 01 A.U. 

The lines marked by dots are “ghosts’' of the strong 
doublet, and some of the lines corresj>«n<l ti) weak iloublets, 
which appear also when the iodine is in rantn. They are 
“ main " iloubleis due to the stimulation of fainter absorption 
lines, which lie within the region covered by the gr«n 
mercurv line. The band (2.'», 3) pliotograjdied in the third- 
order s[>ectriim is reproduced in PI. II., fig. d. 

Table I. shows the corre-ponilence between the frequencies 
of the lines of the (26, 1) band in absorption and fluorescence. 

Taiu.b I. 
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Table L (amtinuetl). 



Band (26,1) in abtorplioti. 


In fltsoi^jn^ea. 

.. 
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TabLB I. (confina^i). __ 



Band (26,1) in lOewrptioa. 


In fluoTMWwee. 

BlMTSIldb* 

/. r. 

F biMeb. 

y- 

AverttfB. 

p. 



61.. . 

68.. . 

fO... 

54-31 

1^ 

50-91 

49^17 

47-l» 

m 

61 

m 

m 

5489 

63-22 

51-51 

49*79 

48-^ 

54-60 

61-21 

47-70 

HI 

s^l*4 

48^ 

1 wid# 

0wtd« 

1 wid# 


The absorption *»««“ 
of other band* which have boen mewur^, bv tho relaUm 
»• (26 (26, O^ + r (29, I)-*' (29. 0). in some easw 

Jhev haie been JalcWed by secondnlifference interpokuon 
WeTn the lines calculated by the abore equation. 
fluorescent lines in Table I. are those which ‘“.f 

mixed with heliam at 4 mm. pri^sure. A few extra linw 

which do not belong to the (26. 1) ^nd WJbTnd or'as 
iig. b, either iiiterapersetl among the lines <>* 
iireficnlariiies in the intensnr dislnbutioo. Tl»s# are fluor 
escent doublets, like the “ fundamental 
to the stimulation of absorption lines 
overlapping bands. They disapjrt*ar entirely whe.. the helium 
is raised to 4 mo.. They do not occur i„ the 
Lnds with n'#26. They are of no interest in connexion 

U ev1wm^.^hen,*ThS^ flnor^-ent spectrum contains 
molecules, just after absorbing the 

are and before coUhling with heliuni atoms, had ^—.W. It 
follows diat, during caUifitm* in whteh the eUidnmit^Htvm 
ntmber it unekan^, the rotalianai v«a«t«m ««»i6rr oj an 
iodine molecule tan only chanyeh aneten . 

This result, while incompreheBsible on the classical Bohr- 
Lena tlieorr, is entirely in accord with the wave mechanics. 

»"b. thir, .f 

.ymuHitric «J “‘{-•-’'■“r'™ > 

nMitional coordinates of the two nuclei. Moreover, since 
symmetric and aoti-symnietric eigcn-funoMonsoorrwpond 
to dXerorntstionsof the ^i«. of «.e ^l«,a|d 

since these spins are very loosely coupled to &e rest of the 
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atom, it IB to be expected that transitions between symmetric 
and anti'Symmetnc states wilt be very infrequent. Also, it 
is to be exfieoted thut the eigen-functions will retain their 
characteristic symmetry, or anti-symmetry, even in an 
electric or a magtietie field or the field of a nei^bonring 
atom, so that transitions from symmetric to anti-symmetric 
statM will not even take place during collisions. In ikct, 
l^nnuon has recently solved the long ontitanding problem 


Fig. 2. 



R branch P branch 



A few of the eneigj-levels sad ttatuitions assueisted with the 
fiacH'Mcetit iMUids. 

of the specific heat of hydrogen by assuming that such 
transitions do not occur in appreciable numbers, even daring 
the time it takes to make u measurement of specific hwts. 

The situation is pictured in fig. 2, which shows a few of 
the rotational levels near those which are associated with a 
fundamental doublet. The level /w:34, which is the initial 
level for the emission of the fundamental doublet, is- 





23 » Optically Exe^d Iodine Bomde mtA Mienny Linee, 

rei.reseBted by a veiy heavy line, aa are the two transitiona 
from thU level which corr^pond to the ^ fandamental 
doublet. The upper levels with even /, which are those 
having the same character, let us say, for convenience, 
symmetric, as the level ;'=34, are indicated by continuous 
lines, ihelevels with odd/ will then be anti-symmetnc, and 
are indicated by dashed lines. Now Loomis’s analysis of tlie 
absorption spectrum bas shown that each band consists of 
one P and one R branch, and that it is therefore of the 
H—'e tvpe, with /' = ± 1. Since transitions only occur 
between levels of the same symmetry cban^ter, it folUws 
that in the lower state the rotational levels with otld j' must 
be svinmetric, and they are so indicated in the diagram. 
The transitions from the upper levels with even / to tlie 
lower levels with odd i. e. those between symmetric 
states, are also represented by continuous lines. These are 
the transitions which result in the fluorescent spectrum. The 
transitions between anti-symmetric states are indicated by 
dashed lines. Tltev occur, upwarcl, in ubsorpiioii, Ijecause 
both kinds of states are present in iodine vapour; but only 

tlioso luv coiitittiiows liiH^soccur iii 

spectrum, because the green mercury arc Una happens to be 
alisorbed by, and excite, a molecule in a symmetric state. 
Of course "the words symmetric and nnti-symnietric can 
equally well be interchaiigeil in the above statements, so far 

as we know at present. 

Xli© wfit^riS iiitabm to dotoct sittv of 

alternating intensities in the absorption Imnda of iiuline. 
This doubtless means that the nuclear spin ot the ioilineatom 
is so high that the statistical weights of the symmetrical and 
anti-syminetrical states of the molecule are practically equal. 


Referemee. 

(1) B VV. Wood, PAv*. Zeittehr. x\. pp. 1191^-1198 (1910) ; Phil. Mag, 
XMV. pp S3e-‘252 {19181. 

<21 Lent, Pfcv*. ^«»te-Ar. x*t.p. 891 <19*01. 

(3) Coii!ic}f on * Moteenlm* 

ill Qmm* €kfipt#r vi Tb#aotaitno of thbk tbm of the 
Export, Friftti4 l#tt^ mhf to the itppor d^mnw of tbo 
dottlil#*ptuitedl Mtm* to the lowor utMo. J li Uto 
<iu«tntuni niimberiMiitoeiiitod mtk ot 

I mitteolo i Tibwiotisiqwttamiii ittttMb«r. 

I.sOonii«f xxix. m 


{ 4 > 

0} 


40 > l^atikwja, Ko?. So^. A* exv- pp. 4i$-4^ 
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XXI. Notiee$ retpeeting New Book*. 

IntrodveHon to CoiUemporarg Phytie*. Bj K. K. Dabbow. 
(MaomBlan & Co., St. Martin’s Strtjet, London. Price 25*. net.) 

author baa given an account of the state of present day 
* physics, theoretical and experimental, more particularly with 
referenre to the structure of the adorn, and the phenomena of 
spectra. He has made accessible the theories and experimenriil 
results of recent investigators and provided an iuteresting and 
r^^bte survev of these branches of modern physics. The earlier 
chapters of the book are devoted to the “Mperimentdl electron,” 
the *‘ex}mritiiental atom." and the classification of the elements 
and their properties, period, non-periodic, and irregular. The 
deflexions of alpha particles and electrons by atoms, the photo¬ 
electric effect, stationary states, and the atomic models, witli the 
experimental evidence provided by the study of the X-ray and 
other spectra, are then considered. The electric dischatge in 
g»<=es, which ha* played so important a part in atomic structure, 
is treated in the final chapter. .4 useful index of subjects is 

appended. . , . - . . 

Dr. Darrow has done a real service to students by introducing 
them to some of the problems of modem physics; for this reason, 
his can be heartily commended to their notice. 

httture* OH Theoretical Phyncs, By H. A. IxisExxz. Vol. I. 

AeAer Theories and Atkher Model* and Kimiical Pmhlem*. 

(Maciiiiilan & Co- Ltd., St. Martin’s Street, London. Price 

I cis. 6oE. net.) 

PEOrrasoB LoBEsnra’s lectures on Theoretical Physics at the 
University of I.eyden, edited by bis Dutch pupils, are here tran.s- 
laied into Bnglish and thus niade available to a wider circle of 
readers. The subject of the first couise of lectures is Aether 
Theories and Models, edited by Prof. H. Bremekarop; theories of 
Fresnel, Planck, and otliers are brought under review, and one 
chapter devoted solely to the study of Kelvin’s model of the 
quasi-rigid aether. A brief triatment of the attraction and 
repulsion of pulsating spheres is given in the later reetions. 

The lectures on KineUcal Problems, edited by Drs. Bruins and 
Beudler, are laigely expositions of the dassical researches of 
M. Knudsen and O. W. Bicliardson, the former on surface 
phenomena and the flow of rarefied g^s through narrow tubes 
and orificre, the latter m. the emission of electricity from hot 
bodies. There are two indexre giving sources and reference to 
original papers. 

The translatora have accomplished their task with success and 
produced a readable l^oglish vermon of these impwtwt topire. 
English readers will await with interest the taranslarion of the 
remuning volumes. 
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M4MT P V. Sesho Aitab, and B. M. ^ i^»- 
^ (toWdg.: A. tb. U.iT«^.J P«-- IM- ^ 

SOfctieli.) , . j, 

T„ 5.ia.«i» rf . t.’ST 7^ 

able Ind&«i matI»inatMa*nt th^^niveraitf of Madias* tte 

by the aid of contnbunraa » Owibrid^. The Editors 

Boyid SooetT, and !«»** anpaMisbrf 

‘•",‘'!t cx.».2rrt to Si .ucb 

*t‘^!J*iJSnK to^tteTaod pnbliabed. For this purpose 
should cwrtamly be mnuired. and ther express 

fmthtir raonet^ aasista . jjj suffldent success to 

the hone that the preset toIu^vHI e^J sot e ^ 

farther P“^’‘^^£^Sied «i»nt here onnecess^. 
Eamanujan’s worit to nia«« ooti .incular uuahty 

but coHec^ into one vo ^easing to recaU thrt, 

eannot fail to tbiriT-third yew, the mesit of his 

J^hid by hU •lirton to the FeUowship «f 
work had been rec(«n»ea y Indian to receieo this 

‘^'rtSir. are pi»*a«l b.» «“■» bio*™?*''?' 

Hardy. 

works on ^ chanter on the prarticid appHca- 

Pof the pi^t the chapter in 

t^a of ^^ihnw db^ « ww between iro»,carb«n» monox^, 
pto*iousoditi^«^^“*®^^j^ ^ tor it. Ihe 

^ eariKm dkoMe hatng <mima w - 



indude diaoussiona of ^ diSropy. Th« fsasamder 

ri», jaifcto do ootkM llm^‘ '** 

^ ^um itprUHd bf ll>«r ecmv««‘''^-i 
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]:X>inK>N BD1KBITB0H, as® DIIBLIN 

PHILOSOPHICAL MAGAZINE 

AHD 

JOURNAL OF SCIENCE. 


[SEVENTH SERIES.] 


AUG UST 1928. 


XXII. General &fluti(m of the Equation V*^ = » *« 
n-dimensional Euclidean Spate. By k. 5. Cabr, M.A., 
fortnerly Lecturer in Mathematics, the Technical Colleye, 
Bradford *. 

I N a paper, “Note on Green’s Lemma and Stokes’e 
Theorem,” which appej«red in the Phil, Mag. for Sept. 
1927, I postulated the existence in Euclidean space of n 
dimensions of the fonnula analogous to Green’s Lemma for 
three dimensions in the form 

Jj ...J 1'iil}Jdx,.dxida^...dje, 

= U.J..d«td«,...du..i, . (1) 

wliere 

J, = B(*i,... 85,-1, dr,+i,... ... 

This was arrived at bj comparison with the previous 
results of the same article, and without attempting further 
to prove it, I set myself the same month that the paper was 
published the.problem of finding a solution of the equation 
by its aid. 

By pure but happy accidmit, two days after I had com- 

E teted my solution to ray satisfaction I discovered a handy 
ttle book, * Vector Ajoalysis and Relativity,’ by Dr. F. D. 

. . * OoTaronnicated hy tibe Aatoor. 

Phil. May. S. 7. Vol. 6. No. 35. Auyuet 1928. R 
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Mornaghan (The Johns Hopkins Press, 1922). Th«je 
a rigorous proof of the 

fortnnatelj turned out, now stonds without nMdofoor 
tion (save that d#, d*,.,. dj;,.should he replaced by 

d», dut ... da,_ida,d- • • -*») • •' “•-** 

. . .. »ra, nnv«—1 Variables whitdi serve to 

surface given bj «.*con- 

iS^fottrwise tbl ^aper .night have had ^ be dest«y^. 

As it is I have made practically no alteration save tba 
ha4 fallen into line with M«r«agha« byj«afa^ ^ a oo- 

nrdioate “spread” and using dV.-i aud P'f®*.®* ' 

wT as fhad previously written them. 1 had also mteo- 
duid the idea of^jir^tbn^osin^ but at 

.« »in.wl»l difter.i.t from b.., I h.v. ».t 

"w.^To«-rMr™gb..’. .«..U u«U» i. . f.Wr 

cona..) ru‘".bt 

S7r="(-^-xr“-,.'the X-. i» lb. 

Sib.7b.iU (..bi. rrf;;"CTbS 

advantage (for the purpose for which I shall use it) of the 
form (if is that the right-hand member can conveniently be 

written 

TT 

’ d»j d«»-i 


(• 




J(d«,.,}, . (2) 


where, as usual, j ••• 


denotes the determinant 
o,i,.. 


and 


Putting in (1) 


vre get 


■0^ s* • » » {2 a) 

m^\y 
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where the V„_i are the (n >• IWimer^nal “spreada” 
hdundiBg Y. the n^dimensional region,*’ and 



denotes diSeren^tion along the outward “normal” to 
V,.j. This resnlt is also given hr Mnrnaghan (p. 71), 
where his dV,^.i 

=s 

= ^ 13 * 

here, since ^r=l, ,^~1 or zero, according as t=ss, or tgfe*. 

I jnyself derive<i the latrei* result in tne somewhat more 
naive manner which here follows, 
liot 

be the equation to an (n--l)-8pread, and also, for brevity, 
let r be a doinniy or ombral symbol (i. e, if it occurs twice 
in a term, that term is supposed to be summed for all values 
of * from 1 to «, thus obviating the necessity of writing 2 
each time and at the same time clarifying the analysis) 
unless otherwise stated. 

Then, if the straight line given by 

jr, as *,-f/,r (s as 1, 2,... n), 

and therefore having direction-cosines (/|, /j, ... U), where 
/./.SB 1, cat (5), we have 

0=.F(......,.) + r;.|| + i^(i.|jF+ .... 

The line is a “ tangent ■' if • 

F(«i, a= 0 

and 

.(5) 

which shows that («) lies on an {n—l)-spremi, the tangent- 
plane>spr<nd to (4). In this lie ail the straight lines whmie 
H — 1 equations are 

^ • 

l| #3 ht 

This gives an «^-ply infinite number of straight lines for 
the n>>’l>ply infinite choices of 

(4 » Yl-Zi’--..A-i)» 
R2 
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all of which, if they satisfy (5) , are tangent lines to (5) and 
therefore also satisfy the equation 


l,ir* 


( 6 ) 


Multiply (5) by X, subtract (6) ; 

(except l„ say) are independent, the condition tl 




always, is that 

^ “ W/d»i ~ W/de^ * 

Now aisuming that, since the norniai ^ *” 

angle with the a“.«si8 whose cosine is *'« 
the («-l).coordinat« plane-spread normal to Umt avis 

wah.ra ; 

.h.» i. rt.a co«nt.r,»rt in 

of the eieraent </jr,dxt. . . </.ra-t ff*»+» •• » . b 

Cartesian system, and is therefore expressed by the usual 

formula for change of varmbles, namely 


, - a B< >r>a • • ■ - O I dUi ... rf«« - l 


(j is not umbral), 


<rV,_»,, = (—) 

s= ( — )"“* 

tfV*.-! = • .. 

whore the «..i serve to specify the («- l)-*pread. This, as 
has been before remarked, is also Muriiiighim s resnU. 

Thus, let us define a hypersphere whose centre it at tin 

point («t, a*. ■•■«-) 

aquation 

F(ar, ... S (*,-«,)(.r,-«.)-R® « 0. 

,a, s@ Vbf/^•^r • 

ss («,-o,)/R * Sll/^«* J 

while the equations of the radios from the centre (a) to («) 

give 

•jL’rfiaalSCSw 
" ii h 


... « H. 
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Hence and therefore the radios is normal to die 

surface of the bypersphere, so that d/dv can be replaced by 
B/d**. The expression for dV,_i will tollow later. 

We gather that, jnst as in three dimensions, we haTe 


j \d*i dy» ^ J 


(k,U++»,W) df, 


so here we always get that 


Turning now to V*^=sO, we find that a simple solntion is 


where, if 

then 

since 


and thus 


^ = r. 


3 » 

i 


( 8 ) 


y;= x.—a., 

; 



* » 

ft 2 

“~+«(n-2) 


r »+»’ 


= —«{n—2)r,-* + n(n— 

= 0 . 


Using this in (3), we find 





dV. 



dV.., 

* m 


( 9 ) 


provided A (a) is a fixed point outside the region of inte¬ 
gration V.. 

If, however, A be inside the region, then, since r,~*+* is 
now infinite at A, we adopt the nsual method of snrroonding 
A by a small b^persphere of radius p and centre A. If we 
use (2), the right-band member of (9) will be fonnd to 
reduce to 

a e . (10) 


♦ It Will mm h% mhf I oaij iii Oiilil^wi pordis&t^ for 
whidi % MitsTai m m ll d<m not So m i» gea^itlbad eiirrilii^ar 

»or l» rJ wiT«rla»t* ly* ‘ Thooi]^ of 

Eolfttirily/ S 74, f. If0| md $ 84, p* 188* 
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,diice tre have seen that p is negatively normal to the snrface 
of the hyperephere. Here 

y, sspcOS^l, 

y, SB!/>sin sin ... ain 0,-iCO8 (* * 1,) 

p sin Bx sin 6^... sin Bn-% sin B*-i ; 

and thus 


Also 


A.S 



y<^> = />** 


y\ 

y* 


^yi 

^Bx 

P» 

"by* 

■pi 

9 W 

» ♦ • • 

• * * 

dyi 

^Bn, 

. J^L- 

, ^Bn-X 

By« 


tion. For, if we put 

y,' = y. cos Bn 

then 

A»+i s I y\ 

'byx 
^Bx 

dyt_ 

^^■-1 

Byi 

dC 
yt 
"bVi 

P, 






»/* 




p.' 


bBx 

•••Pi 

P» 

^99 

b;h 

p.' 

bym^ 1 

bfnZx 

■"p.r; 

P*-j 

by-i 

byf 

P«+i 

bBn 

"'dBn 

P. 




f/*, COB 0^ 

^ScOfxBn 

Q“i 


y.sin^, 

g^sind. 


^sia5. 


p» ~^co*d, 

P,_l ■■ Pk-I P"-* 

0 ...0 y.cos^l, 

I —yiijio *^i»+ (—)**yi.cos 0«A«eos 

y.A» ** fftmBrn^ 
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Thojt, if k~i 

, • 

then 

A. =s 

Now A} is calcolated on the snpposition that 
yi^p cos 6u fjs = p sin . 

Hence 

Aj = I peos0i psinBi j 
1 —psinfft pcos$i i 
* />*• 


.% Ajp" = sin*”® 01 sin""* 0.... sin* 0,-1 sin 0 ,^ 3 . 

If, in (10), we now pnt p=0, then (provided is 

finite always), since the hypersphere now becomes a point, 
the expression (10) redoees to 

2w(~)"(h—2)'^* I sin*"*Si0^i i sin"“*^,if^, ... 

0 *0 

1 sill 

,0 




n'ij'ii) ■"©‘ti) 




2ir( - )"(«-2)^* [r(4)]-*/r(n/2) 


where 


(—)"K, as 4'r*^®/(i«-2) ! . (neven) 

as (4w)<«-»>®(i^r^))!/(n-3)! (n odd). 

Finally, we get for a point inside the region that a solution 
of tho equation V*^ = » is 

( 11 ) 

Jv,r* * Jv-.idv 
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The eqoetion (11) eonstitotes as complete a solution at we 
are ever likely to get withont specifying further the nature 
of the (n— l)-dimensional spreads- If, for example, « « 
different from zero inside a hypersphere of radius R, and we 
take its “surface” for the outer bounding surface, there 
being no surfaces enclosed, then 

' Tm 

and ( 11 ) becomes 

K.+i = (-)■'' ■ P, 1, 

^'Ibcidentallv, this shows os that the element of »»rf»ee of 
a hypersphere of radius K is, comparing equations (11) and 
( 12 ), given by 

This result can also be proved direclly by using (i). Fdi" 
here J« if written down, will be found to reduce to 

Bvi Bv,-i jB.v*+i By.jjy B.v« 1 

0. • m ,- B^.-i' 1 ^0 ,'■** B^.-«I ’ 

and by precisely the same method as that employed for A„ 
the last determinant is 

yii-iy*-a ••• yn+s^fAj+i, 

where in ,A,+i we have 

^, 4.1 ss Rsin^isin^t • 8 in^,co 8 ^,+j, 
y, 4 .jj =s R sin 01 sin . sin 0, sin 0t+3$ 

Mid there£»re 


“ ■ 5?o:;:o 


*5 
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Finallj, since 

|^*S—^*41, 

«e liave 

jr, ar(—... — F»-i 

Tbas 

= . . . (14) 

from which follows (13). 

Also from this we S00 that 


I-, = 

— .. • (15) 


jast as before. 

Or we can argne thus 
and (7)) 


We hare always (comparing (2) 


Of course this ©qaation cloe% not enable m generally to 
determine which is tnde|iendent of the Uf But if 

the surface he that of a hypersphere, then using (15), we 
get, putiing 

IJ, « BR/B#, « y,/R, 




li K 

i. r. rfV,., « (-)-*A,{rf^,_,l/B. 

VVe also see that for the bypersphere 

dV, 




and since dyi/dtt^.V*/H, this gives 


rfV. » (-)-‘^dR(d#.-i) 


» «#R«iV,_„ 
analogously to three dimensions. 
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Finely, if ^_C)(B-‘) (•«>1) 

US J 3 D ^ 

tben 

If sucb he the case, we write 

i* 6>dV„ 


IT , - 4* 

r.»-» ^ 


where the region now extends to mfinitv. 

It would be both interesting and periiaps startling to dis¬ 
cover that in the four dimensions, .r, 2 , let, this solution 

could replace KirchbofTs solution of 

Yet this actually appears to be the case, as the following 
analysis will serve to show. 

Firstly, we observe that here 


where 


is of the form 


1 < .^ t ^.1. 

I r — ctj r4-c<iJ 
r® SB ( 4 -—4*o)* + (y — 9f>f + i * 

fj as I—tot 

^ as {f(r—cti)+/l[r + c<,)i. 


ill) 


;«)* 


/ 

and is therefore a well-known simple solution of the wave- 
equation. 

Secondly, in (1), put 


Then 


a-jssje, 4-, =*c, Ha -let,. 


f 




J t*/ hi^U 

S-ie\' 

^ eernn-m ^ iM 4 


* As we n« KOiM to inteamte with respect to a* flmt. it w'et»» n«ce»- 
«fT topat this the JacoMiui in.^^to easttrette co^ ^nation 

for'StM^s Oeaeralised Lemma. Vide Mamagbaa, foe- cw. p. w- 
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where 

dv zx duidu,dut 

d(«i, «*,««) 


and 


U4 ax <»)nstani 


is the equation to the two-dimensional bounding snrfaces S 
of the now three-iiimensional solid region. 

Also 

j — 5C v« -> »g<i) _ B(.Vt *) 

' Sc Ml,fell) BC«i, «*) ’ 

T — B(.r. icii) _ S(-, Jf) 

B(.c, y, ietj) _ B(jr, ifi 
B(hi, H,)’ 


d* 


where 


* d(M|. Mj. if“ d(«J, Mj)’ 


i sa: ttr dti etc. 

For internal points (1), (2 a), and (11) now give ns 


K 4 '^a + 



' — 

4, ID*, 

^dufduj 

=s 


a?-+ 

B<t 


■ 5 j.£d 

Mj. «,) 

K^i^* = 

-- ('1' 

V 4 

^ cti c/r ^ 

dij 

-s. 


8 = 

iC^ 1 dii 

a 

1 - [(+ 

M 

- 4 t' 







’^ 3 ', 


.•cSjY[(+ 




,Bi^\ 
’ Bk ' 


K 4 * (~)<4w«»/(4/2-2)! * 4ir». 







S52 Mr. A. J. Carr (m the General Sdutwn of the 

Here v i» tbe re«>lved part ef 
dimendonal spreads or sorfaces in the 

region. 

Also , _ 

. 1 J i 

^ 2i^ 1 (h +*•/«) 1 


J j -~ i_ 

5£rc\(fi-r/c)* (ti + 


So, writing 
w# get 


= i-f 


■V. 


^ 2ct} \r- oh *■+ «*i J 




"T'dr* 


* to 


Henw WO can iDtngrntt «ith rc.Mcl to troin 
+ » by the theory of residues . lutw 

“C. '^‘'^11*' 




iej fiih} 


6*'"' 


l^les of pi i) ^ ftit\)h4>[bf‘ h'hh 

some reduction, 

. WWttakw & Se*28.« 

* Faaetiant of • Cooiple* V«dsWe, p. 66. 
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*- j [?^<fo+Si+4c I ^rfp+4c fsRo^iS, 

•'* (*/ 


S, 


Hi 


1 Br 




i: 


where 
and therefore 


er ^ hp\^/ ^ r B»^. 

[F(<i)li* * F(r/c)—F(—r/tf). 


[Fi(0]»* =* Fi(to+r/c)—F i( 4—r/c). 

Also SRt SRt» d«oot 0 the iams of the residues of ^ and the 
integrand of S respeetivelj, ffua fnnetions of at their poles 
in which are of the form aHhti, where h is positive* 

I have written the first three terms in the surface integral 
so as to make it resemble Kirchhoff's iniegrah It will be 
noticed that, neglecting the first substitution of r/e for tj in 
S| and also in the roiume integral, and omitting the last 
three terms of S| and the residue terms in the previous 
equation, we get preciselj minus one-half of Kirchhoff^s 
solution* 

The reason for this apparent discre|)ancy is that in place 
of Kirchhoff^s ftiiiction 


I have written 


where 



/lx) == 1/x* 


His h (x) possesses the rather artificial propertv of Wing,, 
together with all its derivatives, xero, except when and 

of giving 

1 F(x) rfx = 1 * 


My f{^) arises more natnrallj, and although it has not th©^ 
first property, which hare is not necessary, it does give 



1. 
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which is all that is required ; for then 

“ |( 0 ) + 2 SB, 

» I 

« p« lormnl. (19). tSoUS 

axis mast necessarily ap^^r^, a 

be a constant, by Liouvi le s Thwr^, ana ^ 

substitations indicated t of the general 

generally t*, zero, and this is not a solotion oi r 

. do .,o. tor » — 

be regarded presumably as an extension oi m , 
alternative one. 

Appksmx. 

It on.ilt») to .U« tl.»l, it V'+ i. «"!>' " A. 

I r.*-* 

« wttpn taken over the small hyjwsrsphere of radius /^ 
Fortclcariy then, writing dm' for the surface-element with 
pasl, we have seen that 

rfV, * r.—* flm' dr^. 

Hence, if V*t *9 * fin**® quantity, at all points in the 

^^igltl^nrbood of A, 

(*“ AV ^,-1 dm' dr, < km'r, dr, 

J« r,*~* * ® 

mt km'\f? -* 0 . 

liin«r/<t’, (P> 2 ) 


Again, if 




then. R| being any finite quantity 

m -- t'^**®* « 




\ tir, 


r,-l» ♦*- 


L^4T,< 
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tiad Ute latter iotegral is 

iK.cir 1 1 n 

p-2 

1 

jj-2 

as R-^ao. Also this is’a 6nite quantity; so that under these 
eonditions 

(jt-dVn, 

taken over the whole of space, is a convergent integral, no 
assumption being made as to the continuity of «. 

Lastly, it is evident that the results throughout the whole 
pamr entail that h>. 3. For naB2, we proceed slightly 
differently, for then 



and formula (1) therefore becomes 




d( «!«'*) 


duiduj = 





In the event of confusion arising as to which sign to take 
in replacing Jjcdi/ by + B{x,y)/B( »/,«*) duidug, we will 
consider a typical example of finding tlie area of the 
circle r«sa. 

Here, put 

Ui =s 0, U* =s y, «i = u, SB r. 


Then (21) becomes 



or 


( ** (-Ja*) « - I ^a*»m'0d$, 

. 0 .’o 


which is seen to he trne. Here, then, we replace the 
element o£ area by - 2l(4f, »•). correspoode 
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dV of a hyperspbera- 

rendering (21) a* 

mw.+*, rfj, = <(!( - D, ir), 

the o.™l Gw*”'* 

For the eolation of 

B*d». 0 

ve can take ^^-«+s_<,-.+s 


n~2 


( 22 ) 


A =s Urn 

as —log#(^r^^* 

Hence (3) becomes, putting 0*1, 

{C..og.rd*rfjr = SS0»e--'-3+/»‘'-+''-®''®'' ' ,, 

tJ extereel potau. -nJ t- 

circle of radius p, where 


disxpde, dv^-dr. 
lim riogf’r * 0, 


Since 

raaD 

, 1 r U ?ero at A. while the right-hand 

the left-hand member is zero ai 

member now reduces to 


■^A*'d0^ 2/rfi. 


f,-bS®rUao,.e-h.,..(22)).-*-‘ 

K,' * 2w(-r[r{i)]"'*/r{»/2), 

and putting n*2, bare at once 

K/ - 2w. 

Hence, 

2«^*, *=5o* ^ 

.Br/Br-leg.*-. ^ir^^v) dt, 

wMek 
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We get Caachy’s Theorem if w is zero, for thisimplies the 
existence of a fanotion conjogate to ^ and satisfying the 
same differentia) eqaation. 

Thns if 



then 

—Jc (C—Sidf+ h; ^/r. cos (^^$)d$. 

Bot 

Br/'5i*s= 'drf^x . + dt’/dy • By/d v 

ss^x-‘a)fr. 

as CCS ^ sin f—sin ^cos fsssin (^—0). 

So the first term is 

Br.c/s. 

For the second terra we notice that 

0= [log(r^)] = y S(log (r^) B *.ds 

% 

«Je^fsin Sbllog r)/By + cos {B(log r)/B*]ds 

■•■Jc '■[*'" +cos 

=ic^C=*»> ^(y- 5)/r*+co8 {r{^—a>rSj 

+log r[Bx Br. B^,B-»-+(—By/B»')(~B'#vBy)] 

Hence • cos (f—^)dsaa —log r. BV^/Br. de. 

So i-ir^A . Br/Br—log. r . B^,Br)d«. 

This result is only to be expected since Eieroann's proof 
of Caachy’s Theorem uses Green’s Theorem in two 
dimensions *. 

* MaeBobcat, fee. eft. $ 27. 
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XXIII. The Influence of the Solvent on the MoMliiy of 
Eleeiroh/tk Jam. By H. T. I^WKY 

T he theorem that Stokeses hiw oaii l>e applied to the 
motion of an ion in a liquid electro!vte has Iwn 
upheld hy many authors, an<l notably by Walden and bis 
colleaguest* It may ho represented by the equation 

(Jiru/i; = Fe, {i.) 

where/== mobility, 0"=== ionic radius, 17viscosity of sol^^ent, 
F = Faraday charge, and tonic charge* iitltier^*^^ and 
Debye and Hiickel have shown that / must lie eorrecte«l for 
the mutual action Itetweeti ions of opposite sign, and that we 
must therefore fleal with extremely dilute solutions if we 
wish to deduce the influence of the solvent on inobifity. 
In what follows, only values obtained by extrapolation to 
intinite dilution are considered. 

The evidence adduced in favour of the application of 
Stokes’s law of vtirioii*i kinds, but the two main proposi- 
tions put forward in its favour are :— 

1. For certain salts h approximately iinl#qK nt!ent of 
the solvent. 

2, For a somewhat larger class t>f salts though dif* 
fereiu in different solvent^, is approximately imlependent of 
temperature in a given solvent. 

When, however, we review the data, it becomes clear that 
in the majority of case.s only appni^xlmates to constimcyv 
in solvents whose diehnitric constant i» low; directfv we 
come to sohdits like water, for w liteh the dielectric constunt 
is high, then larger values of art- found. It is thus 

suggested that is a function of the dielectric constant. 
Now, Bornanti Schmtek'^^’ have uttempHnl to evaluate 
the forces acting on an ion when moving under the influence 
of an electric field in an assembly of dipolar molf^mles* The 
main diflicolty which they e»coiint«*refl in their iiimlyses of 
tint problem arose from the aiic»*rtainty of the value to l>e 
to tile dielectric constant of the niediiitn sefiarating 
the ion from dipole# at various distances from it;and it is for 

* Commaaimtisd by the ^^uther. 

t Th# data are i^^aihled and diiMsiisitil in Wald#«, * I^diverii}%ea 
4er and la Flieh, M VIe'r dk llew^iichtclt der elakfoi- 

lytischaii louau/ (Ikmtimeger, 1026 ,) 
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this rmmn that thsir results can only be regarded m approid- 
inattons, Bohmick’s formula enables us to make estimates 
of the effective radii of eleetrolytio ions^ but it does net offer 
a means of deducing the behaviour of a given ion in a given 
solvent from its liehaviour in other soiveiiis. In the present 
slate of our knowledge of the Itc|utd state, it seems, therefore, 
that a semi-oiiipiric^l line of attack is the only one open 
to us. 

It may be taken as a gem^ral rule tlmt those solvents 
which )deid electrolytic solutions consist of molecules which 
behave as dipoles in the gaseous state. If this is so, we 
sltonid exf*ect, m indeed we find to be the case, that in the 
lh|iitd state these moiecules wonld tend to form aggregates 
having comparatively small external fields; that is, the 
iic|iiid would exhibit the properties characteristic of mole- 
otthir association. As, moreover, thermal agitation wonld 
i€md to brojik up these s^ggregates, the licjuid should exhibit 
decreased association with rise of temperature, ami the 
temperatttre coefficient of its ditdectric constant should liave 
u amrkoiily higher value than that of a liquid whose inok*» 
cubes are not di{K>les. 

An ion jdaced in such n liquid woubl tend to orientate the 
solvent molecules round it, but this orientation would be 
destroyed by thermal agitation, and we have to «»onsider the 
.iveffigc condition of an tun as a tntse of equilibrium between 
clec’trostattf' attraction and thermal agitation : it^ mobility 
will therefore lie a function of its charge (pe) and the 
thermal energy ef a niolcciile at the lemperaturc of the ex¬ 
periment But it will ut>0 depend on the dipolar 

fiionient of the solvent molecules, and we have no means of 
o^rimuling this directly : it is, however, clear that the 
slielectric constant (Dl of the solvent is a function of the 
moiiient of its iiiol«H?ules, and we may thus use this to 
represent the required factor. 

Another factor which wdll infliietice the re.>u!t is the ske 
of the solvent molecules, and this, again, is unknown, for, 
^fvei! where information is available as to the si«e of mole¬ 
cules in the gaseous state, this does not enable us to sfiate 
^heir average mm when the liquid exhibits association. The 
kinetic theory, however, indicates that the viscosity of a 
liquid is H function of the dimensions of its mofeculei, and 
we can therefore assume that the mobility of an ion will be 
a function of the viscosity of the solvent (ly). It must also 
ilepend on the dimensions of the ion, and we will ther«*fore 
introduce a quantity which has the dimension of length 

S2 
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,ni » eh.»ot.ristte ot th. iou. W. U.». arriv. .1 th» 

eonelasion thnt _ v v 

I fFe SB ^ve, k0, Dt ni * • • • ' 

Application of the method of dimensions shows thut the 
required fanctiou must have the form 

(iii) 


I 1 . fikeDa\ 


u A :«.lieates an unspeciBed function. Now, the fact 
wh©t« 4^ ^ &ni^h as th^ t^tra^Avluwiiiioinuiti lon^ 

for r;’l. cl a" H^«c.nv i;uU^na.« »r I) 
give , /i?.n lines of h for any ion lend towards 

or and that ^' “XsuaS-t ^ 

^nstnncy when i) IS emdU ^ where A and B are eon- 

e^rre^sed with remarkable accuracy by the equation 


It) s» « 


(iv.> 


• .1 a «r- «.nstants characteristic of the ion. l>ata 

ar“”r. al.u»j..l tl»n »!.-*■ t™,.»«- 
Ind s?nrXo*i + f, where Und /' are the mobilities 

equation in the first place in the form 

x,, = {.+«')-hO+WUA • • 

naL «r « and a used in whiit follows have lieeii 

Thejalaa. of a K„hlr....ch">' «p<l M- call-W. 

deduced fron l^o ^ from the results 

H R HartlfeV ”*’•"*’and ‘**s eollesKues for ttdutions 
aS at 25° (5. In a comparatively small 
m methyl of these failed lo rivc the 

number of ^ ^ ^ 

*^®®^b« WtLreement with all the reliable data available. 

i^iv^ Elites '**‘**" *'*^*'‘ 

Table l-g»' . 156°C’., and alw» in methyl and 

In many eases the conductivity lias only 

,U^5^ild at a few concentrations, and extrapolation 

‘*!Sr^^tion is therefore somewhat uncem^^^ 

;i WSrS ; lm» also it must be noted that some of 
Ipven *0 Ti n^dine# »«» eitremely hygroscopic, and 

R*U wdl ^ 
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Table II. 

Sodium Iodide. 


« + «'=» 0 

•4783; 

/3+/8' » r 

2468.10-». 




calc. 

X.> expt. 



O 

0 


6515 

VM} 

116S 


IS 

109-59 

109-59 

{»») 

M575 


25 


mn 

1 146 



Aeetomtnk 

2^ 

177*4 

m 

(SS» 

0613 

M#tbTl ^ieahol . 

25 

106-67 

1067 

<l*> 

tvr»814 

Ktlijl alcohol. . . . 

0 

ai-4o 

305 

iji 

o-Ma5 

25 

50-35 

48*2 

(Xi 

05i39 


m 

7614 

76 

(TI 

05828 

Beiiz«nUnic . ♦ 

, 25 

442 

51-6 


Proptl alcohol . . 

0 

HtrJ 

135 

iU 

0*5157 

m 

3^*21 

^4'2 

i » > 

040:b5 


iV) 

57^^ 

(* i 

049 »5 

AetUtnt 

t> 

13471 

13*3 

C'W] 

0 5477 




131 4 








25 

l6^V=n 

1h4'6 

i:>»> 





1762 





tm 



50 

•JM2 

227*5 

itn* 

0*5825 

M#ihyl-«tliTl-kcton*' .... 

25 

I27i» 

im 

4l5ft?4| 

Mctl>ji-|thct»r|-kctonc 

2^ 

^415 

35^S 

til 

OtHOi* 

Fyndiwc..*- . . 

... 0 

36 34 

CTj 

mw^u 

25 

56M 

m*4 

02i**74 



6637 

Ii8i> 

0*12172 


m 

107‘2 

m 

a> 

062*^ 


of^a^r>o«aj^t^ 

Jur^rfeiig *t4t the' exporimental values given in stich 
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solvents are bibber than those given by the formula. In 
this table are given tfte experltnental values of in order 
to entpImsiE# the srateinent that is not constant for such 
a salt as sodium iodide. 

TitBLE HL 

TetraHsthyUammonium Iodide, 


^ 0*5624 ; ^ 0*T920•10*^ 



o 

calc. 

expt. 


W«ler,... 

0 

ae-sT 

580 

f,a^> 

1*0^ 



110*55 

112*5 

(m 

l-OWS 

Ftirfuml .. 

0 

2tJ61 

m 

m) 

0-74*^ 


25 

45'17 

50 

0^7470 

Nitroiii«tlmi}0 

25 

107 62 

113*8 

O^TOTS 

Httmbeiix«m0 ... 

25 

1*51)7 

40 

0-73W 

Ae«toinir}i« ...... 

25 

1ST 46 

l»3-7 

(3Sl 

0-6773 

Broptonilrik .. 

25 

i4S56 

165 

im 

0^16 

Mvthvi alcohol.. 

0 

77*65 

88 

0*7189 


25 

115-2S 

124 

vm 

0*6756 

El hrl alcohol ... 

0 

;i4 54 

345 

im 

06113 


25 

55*77 

55*0 

(3r*K 

0*597S 

Cy uiae«t»e ethyl i^tcr ..* 

25 

23*22 

28*2 

cm 

0*7050 

Bciiaonitrile ... 

25 

4S-S0 

56*5 

C.HS) 

07062 

Ai’«tvl*ac«?taiie ... 

2r» 

77*72 

75*2 

SI 

0*5mi6 

0*6320 

Epidiiorhvtiriti............ 

25 


62*1 

C35) 

0*6;^ 

AcH‘tono ... 

0 

I50ii 

itai*4 

im 

06592 


25 

1:57*6 

209*0 

i>mm 


4>0 

2mi7 

2162 

0-6556 

Mothyl-^hyEk#to«« 

25 

145*6 

1510 

vm 

0606S 

Fynitoa... 

25 

65*60 

7S*5 

im 

0*6856 

Maihyi tUioeyaimt# . 

25 

0t>0l 

m 

m) 

Oi^l 

Ethyl .. 

25 

7S9I 

S4*5 

06550 
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Table IV. 

Teto«^tiiyl”B«»»noB*®wi picrate. 

» 0*562T ; + 0 » 0*000. 





o 


.... 

... 0 

m 


IS 

5*^9 


100 

4255 

diedb&l .*• 

... 0 

1040 



82S 


50 

70^ 

»lc?obol ... 

... 0 

6«-7 


25 

553 


50 

41 46 

Ao^tcme .. 

.... 0 

407 


25 

387.5 


50 

15-75 


X^cftle. 


M- 

SISS 

3141 

my 

0-5558 

5S^ 

53*38 

m) 

0’5642 

190*4 

m 

0-55S0 

6887 

7^5 

my 

05023 

103*2.5 

0-6006 

150*1 

153*4 

<a») 

05751 

51*75 

0-5670 

um 

515 

im 

OiVi^ 

118-ri 

88*7 

im 

05636 

1428 

141*4 

im 

05601 

178 2 

1773 

C3»> 

05598 

2198 

218*0 

05594 


m: 


Tables III. and IV. give correspondiog valoe* for telra- 

•etbvl*®ninioniuui iodide and picrate. 

Farfural is an interesting solvent, owing to its compara- 
tivelr high dielectric cons-oint iMh but it is troublesome to 
investigate, owing to it* rapid |>olyiiierization. Agreement 
ST^tman’s resalts‘«»» is fairly good, considering the 
■experimental difficulties. 


ill} * 67*1: 

. Ml 11*1 

Ir jel- ... 36-5NI 4fr70 

Oak. 3»-3* ♦2-11 


(<?I»* = 

1*197 X 10*. 

Kt 

BI>1 

KH*l 

43-10 

45W 

46*10 

46-01 

47*40 

mm 


SEt,! 

•ItW 

•ttlO 


Btsralto for some other solvents are collecteil below • (all 
at 25*0.). 


e Values in braekeu li«» sad ia Ttbte V. are experiasentaL 
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litilrut. 

Pi^opio- 

ntirtk. 

Bemeh- 

ttiirile. 

twiniene. 

liitaro* 

MHUatie, 

KI ... 

mo 

m) 
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— 

— 

114*26 

(1*27-8) 

HuI 

17«*6 

am 

— 

— , 

44-24 

(60-3) 

— 

— 

JTMM 

ms 

<ao6) 

60^ 

amj 

155*0 

(185) 





188-9 

t3«h 

mB) 

148-5 

(1«») 

48*70 

35-72 

(40) 

107*6 

(113*8) 

HPr,I . 

— 

M4S 

m) 

14241 

(148) 

43-33 

(52*2) 

m 


Mkm^l ...... 

1^4 

{im 

— 

— 

- 

m) 




Mil 

(70> 





HMii.Br ... 

— 

dim 

u3*7) 






am) 

60*48 

(14^7) 

ld*4 

(187) 





imi 

iim) 

— 

— 

_ 

— 

113*1 

(125) 


Finally, in Table V. are eollecteil <kta for all those ions 
for which there are suthcient experimental results to justify 
their inclusion. 

If the empirical equation 

fij =s «+j8(dD)* ..... (iv.) 

is to be brought into tine with the suggestions deduced by 
the method of dimensions, then we nmstaave 

If! * «+/9(^D)* * FeA/<r, + ‘»Fit*ir,B(^D)*/4rS, (t.) 

whence 

« a= 15*35 10~* A/ffi and = 0*121 B<r,, . (vi.) 

and, as the values of « He between 0*19 and 0*62, so ffi/A 
will lie Itetween 81 x 10"* and 23 x 10“*, and <ri will be of 
atomic dimensions if A is a nuinerital constant of quite 
moderate magnitnde. Similariy, tiie values of 0 lie between 
0*0 and 0*89x10“*, so that will lie between 0*0 and 
0*735 X 10“*, and can also represent an atomic dimension 
if B has a moderate numerical value. 

In iig. 1 three fnucdons are shewn plotted a^nst atomic 
number; these are: (1) values of the atomic radius (o) 
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'dediio«d from maasoremeat* of crystals*** and fro*o 
viscosities*"* of the inert cases ; (2) values of ff; and 
(3) values of l/« from Table V. It will be i^R that m 
nveiy case maxima owur at the halogens aud alkali iiietelf 
with minima between, but that in the cases of «r and the 
maxima tend to increase in height with increasing atomic 
number. Hie reverse is true for l/«; here um maxinmm at 
Z = 9 is much higher than the rest, and, by the time a =*53 
is reached, fluctuations of l/« with Z have almost died out. 


Fig. 1. 



Ill flg. i Bragg's values for <r are plotted (i.) Bgainsl 0, 
and (ii.) aiminst l/«,and it is again evident that while B and 
ff antiear to be intimately related for these elementary ions, 
the relationship between l/« «nd er involvia some other 

It must not, however, lie assumed tliat the quantities 
denoted by Of and w, in equations (v.) and (vi.) are ^loal 
atomic raaii; if they were, we rfmald be led to the aiwnrd 
conclusions (1) that the alkvl-ainnmninm ions have 
rwHus, and (2) that the ions tnO, and C10« are smaller than 
€1. These considerations drive n» to tiie ctwolnsions that w. 
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reprw^ts louifl function of the dimeneions of an ion which 
^j^roximates to the radios in the cnse of elementary ions. 
This is not nm-msonable when we consider that in conipoontL 
ions the effect of the ionin charge on the solvent is partly. 

Hg. 2. 



(•crenned l»y those parts of the ion which carry no charge, 
hv the U,H, groops round the charged' N-atom in 
N(C»Hsh. 
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XXIV, Factors gmembhg the Appearance of the Forbidden 
Line 2656 in the Optical Emitation of Mercury^ By R, 
W- Wood ami E. Gaviola ♦, 

[Hate IlL] 

rilHE uppearattee of tbo forbidden line 2656 of mercury 
mL in opticalIy*excite<J vuponr at room temperature in the 
presence of nitrogen at 3 or 4 mm. pressure has been 
described by Wood. Because of the imfiortance which the 
appearance of this line has for the th^ry of spectra^ a 
further investigation was made to determine the most 
favourable conditions for its develonuient. 

Tha forbidden line appears on the long wave-length side 
of th« pseuda-trijilet 2652,2654,2655, the relative intensities 
of which, if nitrogen or water vapour is present in the tube, 
are aliout 4:6:1. With dry nitrogen at a pressure of 3 to 
6 min. in the resonance tube, the intensity of the ** forbidden 
lina^^ is aiwit eijual to the iiitenrity of 2655. That has 
been shown by Wood in pi. xiv, 6g. 2, Phil, Blag., Sept* 
1927, In the course of the present investigation we have 
l>een able to increase the relative intensity of the *• forbidden 
line about five times, so that it can l>e obtained stronger than 
2<»52 arul nearly equal to the strong«?st line of the triplet 
2654, see i*l. III. (In vacuo the relative intensity of the 
liio'S of the triplet is ijuite diftoreiit. ) 

Wootl has observed that the ** forliidden Hue ajipears 
only if nitrogen is able to bring up strongly the water- 
band/’ which is due to Oil produced by ibe dissociation 
id water inoleeules. This circumstance makes it appear 
probable that the tninsition 2^/^^—is in some wav con¬ 
nected with the presence of water vaj»our in the tul>e. The 
next step was to try the effect of different quantities of water 
vapour mixed with the nitrogen. 

To accomplish this the bulb containing nitrogen, which 
was connected the fluorescence tul>e by a fine cupillai v, 
was supplemented by another bulb eoiitaining copper- 
sulphate crystals wliicb are in equiltliriutn wuh water 
vapour at a pressure of nlmiit 3 mtii. at room temperature. 
If the sfcop*cock is opened, small quantities of water vapour 
can be introduced into the tube. A series of photographs 
taken with 5 mm. of nitrogen and increasing quantities 
of water vapour in the tube showed that the intensity of the 
forbidden line^^ snorMses at first rapidly, until the water 

* Ce^umuaicaled by the Aatkom 
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▼apoor has atteinod a jmrtial pressure of about ^ mnu, and 
the'i more slowly up to a pressure of 2 or 3 nun. At these 
higher pressure the intensity decreases rapidly with time 
omng to the formation of hydrogen, as we shall see later. 
The OH hands follow a similar course, except that while the 
“ forbidden line ” increases its relatiTO intensity 3 or 4 times, 
the water band increases about 10 times. 

'fhe next step was to try whether water vapour alone, 
without tlje co-operation of nitrogen, was able to develop the 
forbidden tine. The result was that if 2 or .3 ram. of water 
vapour were introduced into the tul>e the whole fluorescence, 
including the OH band and the “forbidden line,** was at 
first very bright, but became rather taint i« a few mmutes. 
It was difficult to photograph th«* lines under those conditions, 
hecanse it was necessary to renew the water-vapour charge 
every 2 or 3 minntes. Wood had oliserved in previous work 
that"something similar caxmrred with nitrogen. The fluor¬ 
escence intensity diminished with the time and the charge 
had to be renewed. He found that the reason for this was 
that hvdrogen developetl in the resonance tulie, which could 
be detectwi with a small auxiliary discharge-tube connected 
with the resonance system, and hydrogen is known to lie 
verv active in destroying the fluorescence of mercury. W itb 
water vapour in the tube hy«lrogen was devela|H‘d also, hut 
much more rapidly than in the ca.se of nitrogen, in which 
case the water vapour proliahly came from the walls of the 
tube. On the other hand, it was ohservetl that if the tul>e 
was not completely evacuated before introducing the water 
vapour, so that afioiit 01 mm. of air was left in it, the 
flirorescence remained bright for a much longer time before 
beginning to fade. Air was then able to com}>ensatc the 
action of hydrogen. To stmly the action of air a third very 
fine and long capillary was sealed in, in addition to the 
water and nitrogen capillaries. Its free end was sealwl and 
oonld he opened to the air of the room by broking its end. 
The capillary was made of such siw» that, with raeuo in the 
tube, it let ^s in one minute a quantity of air sufficient to 
niise the pret^ure by 0*03 mm. Thus one could measure 
the quantity of air inirodoced by noticing the time that tlie 
otptuary was open, from the moment when its end was 
broken nntil it was again s^ed with a small gas fiame. It 
was ^en observed i^t if, for instance, 2 mm, of water 
vapour Imd been in tbo tube, and the fiuorescence became 
&ini at the end of a few minutes if the air csidllary was 
opened, tibe finorawence intensity increased grwstly until a 
maximum was rMWshed. If now the capilbry was sMiled 
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the fluore^eenee rewaiaed bright for 3 or 4 mioiites and 
then gradually faded a^piin, returning, however, to ite 
tiiamimani on admitting ^^ore air. The quantity of air 
required to bring tile visible flourescenee to a maximum 
was about 0*03 niiii., and if the regenerating action of air is 
due to the nentraliaation of hydrogen by conibinatian with 
oxygen, forming HO or HfO, %ve see that about 0*012 mm. 
of "free li vilrogen was developed in the t ube, since in 0*03 mm. 
of air only 0^006 mm. of oxygen is present. That such a 
small qiiatiiiiy of hydrogen is able to diminish the fluorescence 
at least 4 or 5 times is extremely interesting, and me shall 
see later the explanation of this fact. 

If the air capillary is not sealed when the visible fluor¬ 
escence lieoonies a muximufn, but is left open for a few 
seconds more, j>ermitting the entrance of an additional one 
€>r tw'o tlioumndths of a miHinietre of oxygen, fluorescence 
disappears entirely, and the tulm is in the ^^dark state/^ 
If noir it is left to itself, after a few minutes of diirkness the 
thioraseeiice suddenly appears again and rises to a maximum 
value in a few st’conds. The time that the tulie remains 
**dark’^ setniis to laas pro|iorUoiial to the quantity of free 
oxygen in it. This surprising action of such a small quantitr 
of oxvgen in destroying the whole fluorescence was traced 
to the fact that the oxygen iixidixes all of the mercury 
vapour, wlii<!li deposits as UgO on the wralls of the tube as a 
yellow layer. While the tula* is in the “dark suiteno 
nierctirv vajmnr is presmit in the region illuminated by the 
arc. As long as free oxygen reniains in the tube all the 
mercurv vujmur that is evapctratiiig from the mercury drop 
at the liottom of the tulie is immediately oxidised when it 
enters the region illuminated by the arc. The free oxygen 
!i« used so slowly by the evaporating mercury that the 
pheiHHuetioii might W used fur iimisuring the velocity of 
evaporation of mercury. As soon as all of the free oxygen 
is consumed in this w^ay the eva|^iorating mercury vapour 
iigain fills the tula* and the fluorescence reappears with full 
intensity. That the mercury vafumr is really “cleaned 
by O'OOl mm. of oxygen has been tested by measuring the 
absorption of the line 253T of the arc across the resonance 
tube. As soon and as long as the tube is in the “dark 
state ^ 2537 is not afc^orbed at alb showing that no mercury 
vapour is present. 

For the “cleaning up” of the mercury vaj^nr by a few 
thousandths of a milltinetre of oxygen it is necessary that 
some water vapour be present in tfie tube. If only mercury 
vapour is prt^nt and we inteoduce 0*001 mm. of pure 
PML Mag* 8.7. Tol* 6. No. 35. Aagmi 1928, T 
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oxygen the tiuoreseeuce nili duntnish hut little. In the 
presence of water vapour it disappears completely. The 
oxidation of mercury seemed then to bo due to a mtalyxing 
action of water vapout\ and it was found that nitrogen is 
also able to ^mtelyxe that reaction, which explains why air 
destroji e the fluorescence to a greater degree than oxygen. 
Now the principal and common action of nitrogen and 
w’ater vapour on the optically-excited mercury is the bringing 
{by collisions) of a large number of excited atoms to the 
metastable condition w ith ek^trons on the levels where 
they accumulate, due to the long mean life of that slate. 
The energy of the metastable atoms is probably the real 
catalyzer ot the reaction. The conditions for the rapid 
oxidation of the mercury vapour are then (1) to have the 
neces^rv quantity of free oxygen, and {2) to have a large 
number of metastable atoms. 

The necei^sary condition for theap}>earaneeof the forbidden 
line seems then to the format ion of a large iiumWr of 
metastable atoms. Water vaponr, tf no frin* hydrogen is 
present, is mtire efiicienf than nitrogen in bringing atoms to 
the metastable level. Thi^ has la^n provcil by measuring 
the absorption of the arc line 4046, which is ahsorUxl only 
tiy the meuistabb* atoms, and i>*0t>5 mm. of water vsipotir in 
the tube is sufficient to causa the rever^ml of MHil if photo¬ 
graphed with the large quarts. Liiimner^lehrke pliite, while 
Him. of nitrogen is mH^essary to ilo the same. 

On the other hand, the absorption line apjiears very narrow 
with O’l to 0 5 nim. of wafer vaiiour fonly the core of the 
4046 line is absiirbed). while with 0*1 to I mm. nitrogen it 
appears to Ik* much broader. For this reiison a reversal of 
toe line appears with water as soon as tlm abiKirplion liegiiis 
to be noticcmhle. white with nitrogen the alm^rption is at 
first n^rly homogeneous for the whole width of the arc 
line, §0 that, in spite of tlie absorption. ** reversal docs not 
appear. From the measurements of Sitiarf * and others, it 
IB knowm that water va{*our is more efficient than nitrogen 
in ditninishifig the intensity of the resonam«e line. The 
result of the collisions in both cases is to bring atoms from 
2*p% to Water brings tlieii t#y etpml pressure more 

stofUB to tne metastable bn el than nitrogen. The broadening 
of the level in the case of nitrogen can l>e interpreted 
m showing that nitrogen is more efficient than water va|«mr 
tti ibortenifig the life of that level, and that eollitions of the 
mmmd kind with metastable atom* take place more often 

♦ StuBfk f* TPkf^, xxxil p 262 ( 1025). 



Af^pmrmim ofih^ Foi^ndden ZAne*^ 2656 in Mereury, 275 

with Ht than with wat^r. This dimixibhes the number o£ 
fnetastable atoms in the ease ol nitrogen^ and by shortening 
the life of the 2^^ state broadens the absorption line 4046. 
K« Donat ^ has found that ineiastable atoms sre more 
sensitive to oollbions with nitrogen than with argon. In 
onr mm water seams to act in a way similar to that of argon 
at observed by Donat. This may be the remon for the 
stronger de%’olopinent of the ** forbidden line ** with water 
than with nitrogen. It is of iheoreti<ml importance to know 
if there is a small spontaneous transition prolmbility of the 
transition, i, if the intensity of the forbidden 
line is simply proportional to tbe number of metastable 
atoms, or if it is necessary to disturb the metastable 
atoms to obtain that transition, which otherwise would not 
-occur. So far we cannot give a conclusive answer to this 
i|aeition. If a sfiontaiieoas transition probability exists, the 
intensity of the forbidden line’* in Buorescence should be 
proportional to the total absorption of4046 under all conditions. 

intensitv of 2ti56 

If disturbances are necessary the ratio - „ 

uh>urj>tiou ot 404t> 

should vary with changing conditions; for instance, if 
inslead of nitrogen water vapour is used. This point will 
be investigated further. 

The use of water va|Kiur for bringing up the “ forbidden 
line” has the disadvantage that under tllumination it 
generates free hydrogen more rapidly thuii does nitrogen, 
and hydrogen is known to be very efiknent in shortening the 
life of the metastable atoms as well ns the intensity of the 
resonance line t. A very small c|uantity of free hydrogen 
diminishes considerably the intensity of 2656 and of the 
4lH bind. If water vajKmr is then us<*d it is necessary to 
iieutralixf# tlie free hydrogen every few minutes by admitting 
a suitable quantity of oxygen or air. On the contrary, a 
mixture of 2 or 3 itiiii. of nitrogen and 0*1 to 0*4 mm, of 
water vapour seems to very elficieut in deveiopiug the 
forbidden line ” and it remains bright for a long time. 
The way to maintain the fluorescence at niaxiiiiuin intensity 
4 S to have some oxide, for instance Hgl>, in the interior of 
ihe tuba. If then water vapour or water and nitrogen is 
introduced, the free hydrogen that might develop will 
reduce the oxide and regenerate the wafer vapour Tlie 

# K. Poaat, iSfit#,/, xxix, p. 345 (1924). Alto S. l^oria, Pliy^. 
Hev, xxvi. p, 573 (1925). 

t See Frsack uud Jordan, Amw^un^ mm Quamtem^irng^n dmfxk 
p. 2^- Ikirgelo, Pk^mka^ v. p. 429 111^5). 
t Franck und Oa^ie^ 3:i. p. 10111922)* 
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yellow deposit of iBereury oxide that appears soiiietitiies at 
the walis of the ateorbitig strongly the ultra-violet 

lights oan be re Uioed easily in this ivay. It is only 
neeea-^ary to introduce 1 turn, of hydrogen in the tol>e and 
to illiiniinate it for al) 0 «t 10 minutes. Th# yellow film 
di$ap}»ears and email mercury droplets remain on the walls 
of the tulie. 

PK IIL shows the relative intensity of the ** forbidden 
line ■ ^ in regard to the pseudo-triplet 2652^ 2654^ 2655* The 
photograph ** a was tukcn while 5 mm. of nitrogen and a 
litdt^ water Tapour were in the tulie^ photograph h while 
the partial pressure of water va|>oar was increased to S mm. 
The oorfsidrrabl«* iiicreinentof 2655*8 is plainly shown. The 
exposure times of the reproduced photographs were iibout 
7 minutes. 


XXV. On the Themni of the J^iaHoftfrte Strimi, 

JSt/ Dr. Kl'tESH i’HAXOEA Kau 

I N recent years a number of interesting papers have 
apfiearcd on the vibranons of the pianoforte string, an 
aot^ount of which has been ;:iveti in a pr*»vions article t by 
the author in collaboranon with 5fessrs (langnly atul Laha. 
In that account we did not refer to the theory advaneeil 
some eight years i>y CX VX Hainan ami K. Banerji t* 
we thought there were seriousohjec^tiou'^ against that theory. 
Nowadays there appears to be a tendency amongst th«* 
exfmrimenlal worker# on the subject, like W. H. George § 
and others, to give more proinineiice to the theory than, %ve 
think, is due. In the circtiinstanees it seems necessary to 
point out the matbematical errors that hav## crept in, 
which arise out of their misoonceptiuns iilanit the con* 
vergency of a Fonrier^s series. 

The writer regrets the article could not Ijf* made ready for 
publi^tion earlier owing to preiwture of work* 

Now, in their theory referred to above, liainaii and 
Banerji have eonsidered the motion of the string during the 
time of contact as that of a ItmM string. Thus the motion 

♦ Oemmiinlcated by the Author 
t Ear, Ganimly, and Flul. Mu#, v. p M7 (WM). 
t l^maa and &ni*rji, Pmc. Hey 8oe. A, rob xevit. p. ICXt 
I W, 6«oi^ Phil. Mag. vol. aJriii p. 84 <i024); aJba Pms. Hoy. 
Sea. rob oriib p. 2^ (1^)* 
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of the string during the time the hammer if in eontaet is 
given by the following equations of lj€>rd Rayleigh • 
Oiaybigh, ‘Theory of Sound/ voL i. p. 204): 

-* MX sin \a sin \b^p sin Xi (freqneney equation), (1) 

and ysss SPr»in^^sinX,4tcos{eXrt-^€r) • • (2a) 

r 

between x^Q and x—a, 

y= S P, sin \r(i —jr) sin \,A cos (cM—Cr) . (2^) 

r 

between and xssI, 

where Pr#er are arbitrary constants, a and b are the two 
parts into which the string of total length I is divided by 
the hammer or the Imd^ e is the velocity of the wave along 
the string, M the mass of the haiiimer, and p the linear 
density of the string. As, however, the system is started 
into motion hy initial velocity at ,r=sa by the hammer whose 
velocity just liefore contact is r, one mi of arbitrary wnstants, 
say Si., will tlrop out and the equations will take the form: 

y 5SS X Pr ^in Xr •r sin Xr( I —a) sin cX^t • • (3 a) 

r 

lietween •rssrO and 

y ssc Pr sin — 4*) sin XrO sin rX,i , , (3 b) 

r 

between ,r«a and 

and thus at ^ssa 

y^)= E Pr sin XrO sin Xj* sin rXrt* * • ^ (3 r) 

<* 

The arbitrary consents t^tc. of the above series can be 
evaluated from the initial conditions either directly or with 
the help of Art* ItU of l^ord Ilayleigh*s ‘ Theory of Sound/ 
voL 1. The second method, which will be called Rayleigh^s 
method, has been followed by Raman and Baiierji* In the 
present paper it seems advisable to give l>oth the methcMls. 


Jiaglrigh's 

It follows directly from equation (7) of art* 101 referred 
to alnive (with pr^^nt notations) : 


^ ^ ^ P/sin^X,4isin^X^X ^ 

y^ss 2 sin oXfi , —^, Mr, * * W 

r eXr^pu^^d^r 


* Notations have been ilighllv elisngt* ^ 
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where M is the mass of the load, t* e. hammer^ v its velocity 
before impact, aod 

Pr*sin^Xy^sin* Xjhd^ 

p r P/ sin* Xf*a • . (5) 

Taking the value of p^uj^dx as given in (5|, we have 
from (4), after a number of transformations, 


V0^ S ^sint’Xrt. 

r rArr 


,)■ 


( 6 ) 


^ ^ ^ ., 

M \sm*X^ ^ siii*X,Aj 
which is different from that obtained by Kaman and Banerji 

JHrect ^^ethmi, 

From et|uatioiiS (Su) and (l\b) ss% have on differentiating 
and putting tsxO* 

(j/Xi i=s S PrX,^ sin XrT sin .17 aJ 

r 

lietween ami ^s=ft, 

(y)o= 2 FrXrrsin Xr(/---x)siu . • Hh) 

r 

Unween and 

and lienee, using the normal property of the function, we 

get 

I p(y)osin XrJ!'t/a' = PAr<^psin Xr^* 1 sin“X^</jr . Oa) 

Jd 

^ p(y)o8inX,{/—x)</jr=PrX^psinXra| —x)dx. {^J>) 

Remembering now that (^)v*=0 except at jr=a, we have 
the left-hand sides of equations (du) and {81/) eqna) to 

p(^)osin X,«rfjr, and p{y)o»ia\Jnix. 

spectivel 

Thos we have from (8 a) and (8 h) 

sin Xd> r 
sill X,^ J,» 


respectively 

I we 1 

p(f)t4xi = ¥rK^I> 


-1 »in*X^rfjr, 


(ita) 


siH*X,{/—a-)<f4r. . (9^; 

♦ If, howeirer, the Wad* i>,, the huxtimer, h taken aa jwirt nf ihe ilrinf, 
tl^ both the method# will give the Mme f^uaticm a# that ohl«io«d by 
Bamim ai^ Base^ h 



Theory of the Pianoforte Siring. 
On adding (9 a) and (9/>), we get 


%W 


Mt?5=sPf-Xycp i sin^ Xr^djc 

^ Lmn KruJ^ 

f^m X(5f4I I 

mn Xjfja ^ 




( 10 > 


Hettee we have, after tranp^formatiojn, 

2 M V sin X»4i sin Xrb 


Xi^p l^a Biti^ Xrh -h h mn* 


sin Xh^ sin xj^ sin Xyl i * 

X. / 

* . . (11) 

But^iunltng the above 'iralue of in (J^c)^ we have y^ 
ei|ual to that given in e<|Uation (d). Thus Ijoth the methods 
lead to the saitie result. 

Now the above equal ion (6) gives the value of y 0 as an 
inlintte series. And if X^s in the different terms Itave simple 
ratios ^—in whiohcase only is there great acoustical interest,— 
the sum v%dll represent a Fourier^s series* It is well kito%vn 
to inathematiidans {ride Hol>son, •Theory of Functions of a 

Iteal Variables etc./ p. 035 et that S—l>etweea 

Ar Xr 

—w and is a non-iiniforinly convergent series repre* 

sentiug a diseontimious curve. And therefore it cannot be 
further differentiated term by term. It can be easih* seen 
that the right-hand side of equation (6) is exactly of the 
same form as above except the factor* 

1 


P 

M 


I o h \ 

V<tn®Xr** *^siirX^^/ 


( 12 > 


1 


Now siii-Xr^i, siii^X#^'^ in the ahj^ve expression vary from 
0 to 1. If we take the ininimiim value Ch then the whole 
cKpression beimine.s item. If., however, we take the greatest 

M 

values the expression becomes * % where m is the mass 

* oi —* M 

of the string. Thus the value of expression [12) vmmot 

» M . * , , * M 

exceed - , and it has the same sign as 


w- 


51 


The 


♦ iiataaa nad Baaerji have got the value 

I 
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valne of (12) therefore varies between 0 and —and 
A>es not clmnge sign. If we take any possible value (say k) 
between the limits 0 and factor (12) for all 

the terms of the series, equation (6) becomes 

.... 




. - sin cXrt 

r 


The right-hand side otoS 

differentiating terra by term, the series 

. n-i eanuot be obtained 

becomes divergent, liras or 

b. differentiating eqnation ,6) a. l.a. 

previous writers (lor. ril.) to obtain the pressure ot tto 

nature of the function which the sum represenis. Ibis 
difficulty may, however, l»e evadeil, etc. 

.Vote added in proof.—Vunhet results 
above vie«* have been obtainwl. They will be le 
ready for the pn ss. 

I^iyacal Laboratory, 

I^eadenev College, Calcutta, 

March 19*i8. 


XXVI. X-Raff Amlym of Silrer Alummium Alloys. J 
Prof* A* Fa Wk^tcseek ami A, J* I hJl 


% 


rpioe IV. 

T he silver aluminium system has l>een investigated by 
Petrenko t, who arrived at the tmuililmom diagram 
reproduced in fig. 1. According to this, there should be 


• «^»ttnical«d by the Authow. 
f Zmkiehn/t f. anory. Ckemte, xlvi. p. 4» (IWOl 
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two inleriiiecliata present in this system at ordinary 

tempeimtares^ one oorres^nding to AgsAl and the other 
l^ing a ** mixed erystal * phase made up of Ag^At and 
AgfAL Bath should Im formed through transformation in 
the solid state* 

In the following the former phase is called 0 ^ and the 
latter y. The solid solution of alutiiinium in silver is 
denoted by a, and the aluminium phase by 8. 

In order to make an X-ray analysis of the system^ we 
ha^e produced a series of alloys by melting together pure 


Fig* 1, 



lOO 5?0 m 70 60 50 40 30 to O %Ai 


Equilihnam disgram of the Ag-AI-syststu aeecardiag tci I^treako. 

silver w'ith eleetrolytie aluitiiiiium in different proportions. 
The eom|msttion of the sjiecimeiis eon trolled hy chemical 

determinations of both silver and alnminiuiiK Small pieces 
of the alloys were filed or crushed into tine {mwder^ v bich 
was recry St allixed hy beating in r^euo for some minutes to 
a tempeimiure about ICO^F. btdow the melting-point. 
From ih^e powdei^, photograms were taken in a set of 
focussing cameras constructed hy G. Pbragimm. 

I * JProm the series of photograms reprotloeed in PL I V. it is 
evident that Petrenko's stotement concerning the number 
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of intermediate phases present at ordinary temperatni^s is 
correct* Eaoli pnase gives a characteristie pattern of Hnes^ 
and epectmens containing two phases give the patterns 
corresponding to etich phase^ soperittiposed one opon the 
other* The phases corresponding to each alloy can thns 
be picked ont by inspection. Evidently the 0* phase 
corresponds exactly to the formula Agi^Al with a very 
narrow range of homogeneity^ alloys with 34 and 26 atomic 
per cent* of aluminium l>oth <^ntaining another phase. The 
other intermediate phase is homogeneous in the range 27--40 
atomic per cent* of aluniininm. 


7%e a* and S^P/mse^* 

The ^lattice parameter of pure silver was found to l>e 
4*079 A** in good agreement witli the values given ^bv 

W. h McKeehan^ W. P. Davey t (4*079 A*K 

and T. Barth & O. Liincle J (4*07^ A.K In a homo, 
geneotts «-phase specimen containing 19 atomic f>er cent* 

aluminium the lattice paranmter had fallen to 4*056 A.^ 
and in the saturated phase co-existent with 0 * it had fallen 

to 4*053 A* 

The 8-phase had in ecjuilibriuiit with y the same lattice 
parameter as pure aluniitiitiin, t, r. 4*043 A., which proves 
that the solubility of silver in aiumiiiium h very small. 

The mean error of the parameter valuc’^ given may W 
estimated at 0*tX)2 A, 


17i# Phase AgjAl. 

The ^'-phase is in ec|tnlibriuiii with m in the range 20-25 
atomic per cent. Al» and with y in the 25-^27 atomic |>er 
cent* At Its interference lines show no dtsfdaceinent* 
which proves that the phase is homegeneous in a range 
m narrow that it may be denoted by a im^re line in the 
equilibrium diagmm* An alloy^ giving lines only of ff 
and showing interferences neither of m nor of y^ eonUimml 
exactly 25 atomic |>er cent. AL The phase tniisi therefore 
be AgiAl* 

Its structure is of considerable interest, Ijeiiig the ?^iiie 
as that of the s4>-caUed ^-modification of manganese, %vhich 

* PliTf, Rev. m XX* p. 4M 
t I"bv*. flev. m XXV. p fm (I^). 
t Zentmkr* p exxi p. 7^ (I92U)* 
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IS stable at higlier temperatures *. A comparison between 
tbe X*my date of Ag^Al, given in Table I*, and th<^ of 
^-manganese, given by Westgren and Phragmen t» shows 
a el<^ similarity in structure. 

In Table I. the intensity, 1, of tbe interferences are denoted 
by st.sssstrong, m^srinediuin* w.ssjweak, and v,wr.s=very 
weak* Ai/if/ia are the Miller indices S/f* = 
and 0 is the deflexion-angle. The radiation used was FeA\ 
with the wave-lengths «j = l‘932A,, % sr 1*936 A., and 
PT53 A. 


Table I. 
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♦ A. Westgrea O. Pbrsgtii^a* Pky^ik, xxxiii. p. fTT 

A* J. Bn^ky, Phil. Mag. I. p. lOIS cl92A). 
t dt 
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Table I. (ettHtiftml). 
Power Phograuw of AgsAl. 
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the elementary cube i, calculated 

and the deneity of the phase is found to U _ A j 

‘**We?^.i''^and**Vhragm^ Uiil^ not definitely settle 

SdnuStorf^re^s which ^coold ^only W explained the 

atoms Ko interferences of this kind have been 

in the Ag»Al photograms, and from the 

this phium witkiS-mSiganese it may be concluded that the 




of -St/Wr Aluminium AUo^$* 2%b 

lafctar nubstanca hm also 20 ab^tus in its ebmentsiry cube* 
Tho extra interferenees obsarveti were probably due to some 
oxide eontent or to soma other slight eontaniinatioii of the 
mangaii^a powder inveatigate<L 

Vary little ean l>e said with regard to the strtietiire of 
the ooiiijtottnd Ag|Al, which is probably too complex to be 
solved from a powder photograph aio»e« It is however 
cl^r that neither the 15 silver uiomB nor the 5 aluiiiiniam 
atoms can form a group of equivalent poinb^ It tbus^ 
seems probable that the structure contains at lemt four 
itidepcndent groups of atoms, two containing silver atoms 
and two containing aluminiaiti atoms. As an alternative 
solution, silver and uluttiinium atoms may l>e distributed 
at random throughout the structure ; in which case the 
reason for the exact ratio of silver and alutniniuiti atoms 
wctild be that the structure was stable only at a certain 
coneeiitratioii of valency electrons 


77i^ y^Phtue* 

This phase is close-packed hexagonal, a type of structure 
coitimun in alloys* The Jatiiee dimensions change con- 
fiimou^ly within the homogeneous range. As may seen 
from FI. IV*. the interfere nee lines are continuously 
displaced within this intt*r%al, hut from 4 B atomic per 
cent. Al and further on iheji have a constant position. 
From 43 to KKl utoriiic per cent, Al the lines of the 7 - 
phase gradually dt^crea^^e in iiitensityj w*hi!e the Al-lines 
grow stronger as the Al-conteiit rises. The X-rav data for 
the y-phase are given in Table II, 

The <*alculat^d values of the intensity, I, given in the 
tuhlc are dtHiuced from the product of the relative 
oceurrcnca of the reflecting planes and the square of the 
sirneturt^ amplitude. The consmiib of the q«a<lratie forms— 

^ atitl r “ — X wave-length. a| and are the lattice 

oci I 4u*| 

parameters—^are given in Table III. This also contains the 
density values, the lattice tltmensioiis, and the calculated 
miinber of atoms per elementary paralleleptpe«L 

If the lattice dimansioas given in the table be plotted 
diagramtnatiea! It against the concentration values, it is 
evident that the range of homogeneity of the y-phase has 
the limits 27 and 40 atomic f>er cant* Al. 

• Ootap. Wmt^u and Phmgm^n. Arkir for ate., 

Stnekholm W B, j?^o. 12 (1^); Me&4ck*\ /. M^mUkmidr, xvih, p. 27^ 
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Xabi#r II* 

Powder Photograios of tlio Y^Pliaso# 
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Thera nothing in tha photogranis of the *y*pha 80 In 
ifidiea^ that tha Ag or tlia Al aiomn ar# arranged m a 

reiralar wav. Thev are evidently dietribnted quite at 
random at the pointe of the close-packed hexa#;on*l lattice. 
thn» forming a solid solution of a very simple structure . 
Tliere »» consequently no reason to believe that the y-pha*© 
contains an intermetallic compound with a formula such as 
Agt^l or Ag»Al. 

e Cmaft. Flul* Msf, (®) h P» (1^1). 
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The Phate stable at Hiyher Temperatures. 

According to Petrenko there should be * phase present 
in ti»e range 15-35 atomic per cent. Al, stable oiilr at 
higher temperatures. The following observations have 
confirmed the correctness of this statement. 

When specimens of alloys having the said composition 
were polished and electrolylically etched with nitric acid, 
a maeroscopically visible granular structure was revealed. 
The size of the grains amounted to wveral luillimetres. 
X-ray photogranis obtained by reflexions against these 
surfaces showed, however, no single spots, as might have 
been expe<’ted, but continoons lines of a soinewbat diffuse 
appestrance, which is a proof that the large grains bad Iteeii 
broken np into a very fine structure by some transformation 
ill the .solid state. 

There are r/jasons for believing that the phase stable at 
higher temperatures has a structure analogous to tbe^-pba.se 
of the ('u-Zn-, Ag-Zn-, Ait-Zn-. C'u-Al- an«l Cu-Hn- 
svstems *, /. e. a Uhty-centred cnbic lattice ; but to settle this 
if must be investigated in a eament designed sjiecially for 
high temperature work. Attempts to obtain the phase at the 
ordinary temperature by quenehiiig heated specimens failed. 

Summart/, 

1. An X-rav analyj-is of the Ag-Al-system has confirmed 
the stateiiieut’of Petrenko that it has two intermediate 
phases at ordinary tenijieratnre. l>oth formed through trans¬ 
formation in the solid stale, 

2. As Petrenko also found, one of them is Ag*.41. Itjs 

cubic, having an elementary cnlie with an edge of A., 

containing 20 atoms. It is isomorpfums with 0-manuatiese. 

3. ihie other intermediate phase, which is homogeneons 

in a range from 27 to 40 atomn- per cent, aluininiuin. is 
a solid solution of close-packed hexagonal structure.^ Its 
lattice dimensions change continuously from aias2*865A.. 
a,ss4'653A., and <is/a,s= l’t>25 when saturated with silver 
to a I«2*879 A., a,=4*573A., and 1*588 when satu¬ 

rated with aluminiam. 

One of the authors is indebted to the Hoyal Commis¬ 
sioners for the Exhibition of 1851, for a Senior Btudeiilshin 
which enabled him to undertake this investigation, which 
was carried out al the Metallograpliic Institnte, Stockholm. 

• Weatgreu and PbragmAi, for. cit. p. 8. 
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XX VII. Madio Trammusion Formuke^ W. Kekeiok^ 

Mmre School of Bieotriml Enginemng^ Vniwrsky of 

Pmuiylmom, Pa., U.S*A.* 

E arly stadiet of tbe problem of tbe propagation of 
electric waves over the i»ur£ace of the earth considered 
the problem to be that of determining tbe field at any point 
on the surface of an Isolated conducting sphere due to an 
c^etliating doublet located at a given point P on its snrfeieet- 
While these investigations were valuable contributions to 
theoretical optics, thev led to a transmission formula giving 
an attenuation mue^ greater than that axperimentallr 
observed. 

The explanation of the departure is, of course, to be found 
in the iinjKJrtant role played by the conductivity of the 
JKenneUy-Heavbide layer. 

Bluch suwes^^fut work has recently been carried out with 
a view to explaining the phenomena of short-wave trans¬ 
mission by means of a study of the reflexion and refraction 
of electric waves by ions and electrons in a magnetic field,, 
but less attention has l>een given to modifications produced 
in the classical flertxian solution for the field at a distant 
point due to an oscillating doublet when multiple-order 
reflexions are considered. 

G. N. Watson first attacked this problem in 1919 
and obtained a solution for two concentric spherical 
shells of finite conductivity and sharply-defined boundaries. 
Dr, Wat!*on’s inetbod of attack involved the setting down 
of MaxwelPs e<|nations and an investigalioti of their solution 
in of series expansions invohdng spherical or zonal 

harmonics. 

While admirable from the point of view of the mathe- 
maticiaft, the ^method of Watson was too involved to adapt 
itself to extension to the consideration of the gradually 
varying conductivity of the upper atmosphere and other 
relati’Kl problems of considerable imi>ortanee in short-wave 
transfiiisiion. For this reason, perhaps, the work of Watson 
is not frequently referri^ to by engineers and physicists 

♦ Commvmmi^ W Br. Bsllh vaa der Pol. 

t IL M. MftcBoa^d, Free. Boy, Soc, Ixxii. pp. m^m (1908); 
xe, up, 60-01 {1914). G. N. Watsoii. Froc, Roy, Boe, A, xev, pp, 83-99 
(191S-19> L W, Nichdteoa, Phil, Msg. xx. p. m (1910). B, van der 
Pol, Phil. Msf. x.KXvui, p. (1919). O. Juaporle, Ann. d, JPky$. Ixx. 

^ t 0* M. Watson* Fioo. Roy. Soc. xev. pp. m-4m <1919). 

PUL Mo0. S. 7. VoL 6* Ho* 35* 1928* U 
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working in tins field, who \mrm adopted the optieal point of 
view of direefcly-transniitted and singly* or innitiply-refleeted 
or refracted rays in their farther studies of this probl«n* 

A modification in the coefficient of the eE{>onetitial in 
Anstin^s formula, suggested by Watson’s analysis, has also 
apfMirentlj escaped attention^ one, perhaps, to the fact that 
it is implicitly contained in Watson’s expression for tlm 
Berteian function rather than explicitly set down in an 
ox^esston for the field. 

Watson’s formula involved physical hypotheses which 
while far from accurate in the g**neral case, are nevertheless 
probably adequate to the treatment of io»g*wava com* 
munication, from which Austin's fornitila was originally 
derived^ It is of interest to note that the results obtained 
by Watson nmv also be obtained with slight approximation 
by an application of tlie optical point of view of reflected 
ravs. 

It will l>e the purpose of this paper to derive such an 
expression for the field between two concentric conducting 
spheres by a direct snniiimlion of the refle<5ted waves, and to 
consider the application of the formula thus derived to the 
problem of long-distance radio comiiiimication. 


1. of Solution for Oseilluting JtoufdH, 

The classic d problem of determining the field at a }wnt I* 
due to an electronic charge f vibrating at the origin, with an 
electric moment A sin (see fig, I )♦ gives for the electric 
find magnetic field inWnsiii**s at the |ioint F • 

E#=s:— ^ * * * (1) 

0, ^ , (f) 

If ,ss — A«* »in » p — , , . (3) 

It. is not unusual, altiiungh not strictly rigorous, to a{>{«ly 
this theory to the case of a radio antenna f, Adniittiog this 

* G. W. P»en», ‘ Electric Okcdlstton* and Eketric Wan*,' n, 432 
t*«.(llcGmwHill, l« 20 ). 

t HeKfe'a eoM»|>utatl«iiw of Miliation redatanos tsr flaktopiwd loaded 
ant^iMS mako it possible to correct the results conpu^ on tbe <wil> 
lath^ doublet idieoty if sneb a eoir^tlim is desiiwi in a particular Mtse. 
<See text>ndereace aboea.) 
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approximation, we evalnaiNi the constant A in terms o£ the 
antenna constants* 

Thus we may write, where i is the antenna current in 
absolute electrostatic unitM^ 21 the length of the doublet, 
e the electronic charge (21^ » A), 



If I represents the maximum amplitude of #, we may 
write 211=5= Aai, and hence (with appropriate choice of the 
axis of 0 

—^*^^2flwsin ♦ . • (5) 

2wc * 

Noting farther that ea =» gives 

sin 6 iirell . /^ p\ 

B.-- y . . (6) 

By the elementary theory of electrostatic images, the field 
4s unaltered by the "introduction of a perfectly conducting 

plane in the horizontal plane {see fig, 1), The 

solution given in e<|ualton (6) is therefore the solution for 

U 2 



292 


Dr. G. W. Kenriok 

tlie radiation from a doublet antenna of height 2 lomited at 
a point 0 on a perfect!j-eondacting plane where all qnantitiee 
are expressed in absolote electrostatic units. For convenience 
we will let 

4wc2I -w. 

" X " * * * * * * * ^ 

At this point it is of interest to note that, expressed in 
practical nnits (amp,, km., volts), this value of K gives 
for E at the surface of the earth 

.( 8 ) 

p\ 

where 

E = root mean square field in volts-kin., 

I = root mean sqnare antenna current in amp., 
p distance in km., 

X = wave-length in km., 

I s height of antenna in km. 


2, jPropngaticn of iVacfS I'etwffn .'iro Perffrll^-^condHCted 

Plane$. 

We will now alter the comlitions of th« previous problem 
bj introducing a second per!ectly-»ondoctin|j plane «t a 

height A above the ^ s= ^ plane of fig. 1 (see fig. 2 ). We 

require the field at a [loint P on the plane ^ ^ due to the 

doublet at 0. 

V¥e may obtain this solution directh from optics in terirl* 
of a direct and a series of reflected rays, but it !>. perhaps 
wore satisfactory to formulate the problem from tlie theorv 
of images; i. we require a series of image doublets whiclj 
will cause the tangential electri<- field at any jHiint on the 
bounding planes to vanish. Such an infinite series of 
doublets is indicated in fig. 2. 

The resultant field at the point P is then obtained by 
taking the sum of the normal components of the electric 
fields due to each pair of syminetricaliy-lecated doublets * 

• It wSI be notsd tfaiA tai^[«»tia] (^mpoaenls of eletArie t&m YMidt 
as nqntred. 




Radio Tremmmitdon Forvmla, 293 

tuid sQtnaiiag the component doe to all themira of doobleie. 
Thi» gives for die resultant normal field at F 
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direct computation, as the terms in this case decrease in 

magnitnde. For C > 10? however, this procedure is evidently 
laborious. * 

It may be shown, however, that under th«w conditions 
the probability is small that the mean £ at any point P 

chosen at random will depart mnch from * 2^ E,* ; i. 

+4 . . (11) 

where the nnite employed are absolute electrostatic units and 
K is as defined in equation (7). 

We will now proceed to some purely* mathematical 
manipnlation which may be used to sum tins infinite series. 
We begin by availing ourselves of the wcH-know’n identity 
obtained from product considerations f, i. r.. 


I ^ 

coth X as - +2 S —4 

X .=i>r* + **w* 


( 12 ) 


Changing variable, letting ^ *= x, gives 

2/i 


coth 


irv 

2A 


4. ^ ^ . 

iry .r, 


Wf/ 

2/i 


4A* 




or 


’’1/ ^ 

Ayh V*"*" 2/. ~ try 7 “ y*4- 4#*A* 

Letting y as we have 


4A s/x 




l 


',x + 4#«/i»' 


(13) 


(14) 


(15) 


Differentia ting both sides of this identity with respect 
to X ^ves 


dA( Vx)* 


coth 


r i/ X 

2A 


•*H* . , w v'x 

+ ;r>,i~csch* 




2A 


1 1 
2 x»“ Ji 


* Tbk), ia the opdeat analc^. antoaoto to taking tfao r«itiltaat 
iatemi^ of the Itgltt as tike sam of its compoaeiit tBUnwIties. 
t See E. B. Wusoi’s * Advtticed Cak^tw,* p. AH, 
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Differentiating again, we have 


29S> 




+ 


rcoth -Kt-i- 


%h 




32A*( Vx) 




1 

jf 


Bssm 

— s 




,_1 (ar4-4**A*)* ^ ^ 

If, now, we mnltiply i>oth sides of this eqnation by 2K***, 
set x^fr‘, reverse the* order of the members, and sabtract 

^ from each side of the resulting equation, we have our 

P* . . . 

required summation ; i. 


k-G 


(p* 


4p* 

+-4**A’ 




K* 


(:w 

\»Ap 


Sir* csch*.^f 

Substituting the value of K from equation (8), we may 
write for the root mean square field b, m practical units. 


E 




*!r0 

r 3w*csch*.,v 

I dir wp 2« 

^ “la*" 


1 I 


in ^oation (8). 

For g«l equation liecomes identical with equa¬ 

tion (8), and represents an E inversely 

rZii of oo.rl^« it sho.id *>;■“ 

not be of importance at distances from the transmitter very 
small comj^red with h~ 
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For bowovor, th« term governs, and 

the vaioe of £ given bj the formula approaches 


E 


12(hrll 


Vi 


Up' 


1 


In other words, E decreases only with in this case. 

Vp 

3. Correction for JSarth Curvature. 

Tit the previoas analysis we have found intensity at any 
point at a distance p from an oscillating doublet located at 


Fit.S. 



tlie surface of one of two perfectly-conducting planes. This 
analysts may, with slight approximation, be extended to the 
ease of two concentric conducting spheres sejiarated by a 
distance small com{atred with their radii. 

Thns, referring to fig. 3, showing two concentric c«n« 
ducting spherM, we require the intensity of the electric 
field E normal to the innner sphere at its surfacwi at a 
point Pf at a distance p from an oscillating doublet located 
at point Pi on the surface of the inner sphere. If E is 
approximately 6400 km. and 100 km., we may, to a very 
fpiod approximatmn, neglect the carrature of the great 
circle in computing ^a paths of the rays, thus radneing the 
problem to much toe same form as in the plane cam. 
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It does Dot follow, however, that we may likewise oeglect the 
cnrvaiare of the small circles Bsini? or (B+A) sm$ on the 
snrfaces of the inner and onter sj^heres respectively. This 
resalts in a focnssing action in which tiie energy flowing out 
from the emitting doublet passes out, at a distance p from 
the doublet, through an area 2wRsin<? as contrast^ wiUi 
an area * 2wRfl in the plane case. Now, tiie total energy 
IMuning through these snrfaces f must, in the aleence of 
attenuation J, be equal to the total emitted energy of the 
doublet. It follows, therefore, that for a given p, if E,* 
and Ef,* are the squares of the field intensities in the 
sphere and plane cases respectively, we have, with slight 
approximation §, 

J^* _ P _ t—, 

E/ ** 2wlt/j sin fli** Rsind “ sin 0' 

Hence the formula for the mean square field E becomes in 
this case 


E, 


12(br/I / 0 r flw wp 

-TC-Vnie I 8/lp““2A 


3w-weh>g' ^ 




[km., amp., volts, radians]. (21) 


For this I «1 reduces to 


120-irn /^F 

V ^ sin 0 


. . ( 22 ) 


Equation (22) is readily recognized as the coefficient of 
Dr. Austin’s transmission formula. Our analysis indicates 


• N4^kctins l»ifheiM»rd©r tenits in ~. 

1% 

t W# 40 not eoniider wnvm fMn^ng Broimd tli# spliete more tlieii 
mm. Tbeee mro ttol ^ lut^reet^ mnx^ lo alteomitioii. 

I la oi^ of mtaaoetioji fuetore iairoiVtog i» oftly* tibie Bigiimeat m 
vadidi m ftmtion of liillkl oBorgj tbe 9 ^ 

I Oiijr mmrn io omndii fkmm difer^K^ 

♦. e.p we e^rnnie tbet EmR . db (mm}. At c^asidemWe 

IfOBi tbe bowowr^ mat wmm m nmAj end Uiis 

apinra^immtloii m sot im ettm* 
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that when refleations are considered, a more appropriate 

form of the coeffieient for | large would be 

10 trll / 3irl> 

Figs. 4 and 5 give plots of E as compated from equations 
(22), (23), and (11) * for the case 120wil=l<^ (a oonstent 
determined at the transmitting station), «=siW km. ine 


Fig. 4. 



Comp^rUofi of fnrmu\m for Is6nlt« eiindtieiikitj 

(p ftimillj* 


interval p = 100 to psslOOO km. is shown in fig. 4, and the 
interval paslOOO to 20,000 km. is shown in fig. 5. For 
vain^ of p<l00 (11) corresponds closelv to (22), and for 
valnes of p> 10,000 to (23). 


• Eamtioo (11» mart, of course, be modified to take actwant of 
eartbmirvatare, and reduced to eompaiabtepractical ttaita. TW» jrirea 
for E, 


£• 


IfOirfl 


nndii 


1 »«• 
'*+42 


#iot 


x^mm 


(lift) 
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4. Modifieaiion$ irUredueed btf Finite C<mduttimty. 

Thus fw we have considered the propai^tion of waves 
between two perCectlj-conducting sharplyndefiBed planes 
or concentric spheroi. It is not, however, difficnlt to modify 
^nation (11) in such a manner as approximately to take 
into account attenuation due to finite condnetivity and a 
non-sharply defined boundaty' at the upper conducting layer. 


Fig. 5. 



CompuTMon of tnuumission fonunl® for infinite conductivity case 

{p laigv). 


However, the problem of the series tberehy introilnced is 
not in general as simple as in the infinite conductivity case. 

Thus, in the formulation of if we still consider the 
lower plane (corresponding to the earth) as perfectly con¬ 
ducting, and let r, be the reflexion (or refraction) coefficient 
of a ray incident on the upper fdane at an angle of incidence 
we have, for the plane c»se. 


B* 



pv; 


**■ (p“ + 


0- 


(24 a) 
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It will be Qoted Ibat § 2 wms not limited in its npplieatioti 
to long-dbtanee long-wave oonimnnications. The approxi¬ 
mations of § 3 el howoTer, need farther investigation 
emd modtfieatton before the above metibcHls oan be nsed to 
d^nee a tmnsmission formula iippli^ble for short-wave 
oommnnioailon over short or moderate distanees. It will in 
partJonlar be noted that the form of the reflexion eoeffleient 
of equation (24) distinctlv does not hold tinder these con¬ 
siderations, although the possibility remaitis of employing 
a sui^bly-modified eoeflieientof reflexion, taking into aeoonnt 
the nofi-metallic nature of the reflector and noii-sharply 
defined bonndary. 

Another correction of importance when transmission over 
short or moderate distances is considered arises in connexion 
with the correction for earth cnrvalure* Doe to the shadow 
effect of the earth, acrording to oar approximate treatment, 
the directly-transmitted wave (and, at sufficiently gr^t 
distances, lower-order reflexions) would be snppres^. At 
long distances the effect of the^ terms is relatively aniin- 
portaiit. At short distances a term for term compiitation of 
eqnation (24> is possible. If, as an approxinifiiion, %ve 
modify the small direclly-transmitted wave-term to the 
form it assumes in the MacDonald-Wats^m diffraction soln* 
tion for the earth as an isolated condacting sphere, ecjiiation 
(24), modified farther to account of ^rth cnrvatare in 
the reflexion terms, liecomes * 





' 'Vi 


4-V \ 


. V 


{ 20 .) 


The eoinpJ«t« theory of the determination of the quantity r 
a« a faaction the ibicknea* of the condoeting oouiKiary, 
and the freqaency involves the entire problem of the wave* 
lentil attenuation Fnnction of radio traniimis»ion, a ditcttestion 
beyond the scope of the present article. 

1ft is of interest, however, to note that, on the assitmptlon 
of an ohmic condnctielty and a sharply-defined boundary t, 
the reflexion coefficient may be approximately written in 
exponential form. 

From nasal optical riieory we have, for a wave with its 


Widaea eoaelade* th« fhhieHeth. 


whidi ia 


• Swtn^wwstd'pii’eS^. 

Hertma fascdtHt Is of the oid«r of A (ifo^ 
oar »otatk« is given shove. Aieacmwtiwt. 

t Ahoutdary stay be emindeied asdtar]il| defiaed, |irotid<*d refiesion 
ndces place ta aa hiterval saiatl compared with a wavo^buifth- 
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3or 


electric intensity vector in the plane of incidence, a reflexion 
coefficient given by * 

n*co»^,-—\/«*— 


where 


n*cos^# +V^w*— siii'*^. 


n * the relative index of refraction of the media ; 
angle of incidence. 

For a large index of refraction n and a correspondingly 
large this may conveniently bo written, by ordinary 

algebraic division, in the form 


1- 


v/r,* 


^»r*— sin 
«* cos (f>t 


1 + 




/ sin^d*, 


= 1' 




H 4>§ 


#f" ea?i' 


126); 


. 1 

or to liigliaf-orliar in ^ 


.(27) = 

For *1 = 1’ “*“* ? reflecting medinra of 

specific conductivity 7, « becomes, for a wave of period 1, 

„=v/e* + 2;7-l7f.(26) 

For y hav#? 

. = v'57r/i5;. 

and j 

!\/r, . 

Sulistituting equation (30) in (24 a), we have, for the 

2.d, 

plane case, noting that cos^,= 

• P. Dnide’s ‘Theory of O^ic#' ^ 

0, W. Pierce, ‘ Ble^tnc Oedllaiions and bieeinc w av«». 
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aad from (24 6 ), for the case of the earth as a sphere^ 




e 

sin $ 


JK= 




* V'^-T 


0»* + 4s*/. 


X A 


(316) 


It is of interest to note that in equation (31) the attenua¬ 
tion factor of every term (except that for the groand-wave) 
involves the inverse square root of the wave- length . For 
lower-order reflexions and p large, moreover, v'p*+ 44 ^ 4 *~p, 
making this approximation for the series as a whole, the 
corresponding value of E for the plane case reduces at targe 
distances, in the units of equation (18) (7 measured in 
mbos./km.*), to 

/- e - • * ■ TO 

\ V' f'lph 


Considerations of earth curvature are not essentiully 
altered by the finite conductivity, since the exponential 
factor of attenuation is the same in both cases for eijual 
values of p. With earth curvature taken into account, 
(32) becomes 


O 

„ _ 1 207 r/ 1 / ' ■ * V A V > 

X X' f^pii sin d ^ 


(33) 


Taking 6=100 km. (effective height), an exponent of the 
order of 0 0015 is obtained for a 7 of tl»e onier of aliout 
one-thousandth that of sea-water, certainly not an extravagant 
assumption for the upper-atmosphere conductivity. 


5. Summary of Mesultt and ('owtti*ionM. 

It thus appears that, under the hypothesis of reflexion of 
the metallic type, an assutuptiou quite possibly Justified at 
long vrave-lengtlis, the inverse square root of the wave¬ 
length in the attenuation factor of the original Austin 
fonnuta has coosiderabie theoretical justification. This 
theory, however, suggests the desirability of a modification 
of the inverse first power of the distance in the coefficient 
of the exponential to an inverse square root. A slight 
change in the numerical tmnstaui in this coefficient is also 
Indicated. 

The writer has not the data at hand, nor is it within the 
scope of this paper, to enter into an elaborate statistical 
oomj> 8 risou of the closeness of ac»ord with expenctuaital data 
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obiaiiMd by this formula, the ori^nal Auatin formula, and 
a modification rocontij sagpsted % Dr. Austin. It will ba 
not^, howevor, that the above formula gives much larger 
valuoi than the Austin at large distances where fields predicted 
by the Austin formula have in general been found to be too 


Fig.e. 



Curve* of received i%nal «trength* between Toulon and BSonion. 
Tmnetniseion from Nantes on 9000 m. 

Fig. 7. 



11,000 metre tiansmusioo tLyoas). 


small to check with observetl results. Some idea of the 
relative values of the fields predicted may be obtaiued from 
figs. 4 aud 5, which plot the coeflicienta. Let as compare 
the formula with at least one piece of experimental date, 
however. Figs. 6, 7, and 8 show plots of some of the data 
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taken on the cruise of the * Aldebaran ’ to the Antipodes *. 
The resalts obtained from the modified formula are plotted 
in the broken cnrres; the remaining curves are reproduced 
exactly as they appear in figs. 4 and 5 of the original article. 
The absolute s«ile of these curves does not seem to be 
available. The broken curves were obtained by multipljring 
the curve for the Austin formula plotted in fig. 4 of the 
original article by the ratio of the coefficient of the two 
fonnuhe obtained from this paper (see, for instance, figs. 4 
and 5). 

It will be noted that the accord of our formula is distinctly 
better than that of the original,. There is, of coarse, no 


Fig. A 



theoreticai reason why the factor CHH>15 in the expouontial 
term should not be siiliject to fiiodificHtion, and it seeiii'* 
indeeiJ probable that the eonduclivitv of the af»|>er atmo¬ 
sphere is saf»j<-ct to d«i'V and yearly variations. The 
results of this study indicate the dedrai.ility from a 
theoretical standpoint of seeking modifications in this 
constant and as indicaU*d in the coefficient rather titan in 
the power to which tlia wave-length appears in the esjionent 
of the exponential, at least when long-distance long-wave 
tninsmission is under investigation, 

• « Esplontticnw HerUieniM* eatos Toaloa et Tshiti/' Cfmerrt OamjdM 
Mmdo de ta SoeUU Iraapau dm JBloetneiau, pp. 24?-^^ 
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XXVIII- Suady Flow of Heat in a Rectanffuiar Parallele¬ 
piped. Hy E. W- Chitbbs, JB.Sc., East London College*. 

W HILE eonsitlering a new metliod tor determining 
Thermal Cendnctivities of Rocks, the necessity arose 
for the solution of the problem of the flow of heat in a 
rectangular prism h^ted at the top surface, and cooled to a 
fixed toraperatare at the lower snrface, the other faces 
radiating omit to the snrronnding air kept at the same fixed 
temperature. In Fourier’s ‘Theory of Ileat’t the problem 
is treated in a simplified form, the prism considered l>eing 
infinite in length. Carslaw deals with the problem in its 


Fjp. 1. 



most general form, but arrives at a solution, which, as be 
says, does not lend itself to numerical calculation, and is not 
suitable for the evaluation of the thermal constants t. 

Accepting Carslaw’s proof that the temperature may be 
expressed as a Fourier series, the problem of finding the 
coefficients of the terms of the series may be conveniently 
solved by the following method suggested by Prof. Lees. 

Consider a prism Iwnnded by the planes 

S «3s0; sfnmbf 
ys=—at y»s+«, 
aras—a; jrss-t>a. 

• t'ommunicated by Prof. C. H. Lees, 
f Fourier. ‘Theory of Hest ’ (Freeman’s translatioa),p. 311. 

J Candaw, ‘ Fourier Series and Integrals.' p. 307. 

Phil. Mag. S. 7. Vol. 6. No. 36. August 1928. X 
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Soppose tbe snrfacear—^is kept hot at a constant tempera* 
tore V. 

Suppose the surface dr=0 is kept cold at sero temperature. 
Then if v is the temperature at any poiut (dr, y, 2 ) within 
the prism, 

B*o 3*t» ... 

Bdr*‘^B?‘^Bi^ ®. 

Boundary conditions are: 


arsssO ; 

t»S=sO. * * * . e • e 

(«) 

assh ; 

r=:sV. 

ih) 

ys= ±a ; 

-K.|^^s=Ae . . . . 

(.*) 

ZSS +a ; 

— K.<^«=Ar * , * . 

0 * 

(d) 

5= thermal 

condactiinty of nnhBtmnee^ 



and A:=eniissirity of substance. 
A^ume a solution of equation (1) of the form 

cos fiy cospr. 

Differentiating and substituting in (1), 


m*3ss«* + p* 


wi=s +v 

Applying boundary conditions {<■> and (d) we have 
— n sin ny •+• p cos »«y = 0 when y = —-a or -fa. 


« 

-psmp*+ jj.cosp 2 sss 0 when z^--a or +a. 


ha , , ha 

^ sna tan na and 

K K 


spa tan na. . . 


If now we put es*na or pa, e is given by the equation 

ha , 

g- assctan €. 

This equation admito of an infinite nomljer of soiotions. 
Denoting these by «„ eg, etc., we have values of « and p 
satisfying (2) infinite in number and given by 

?! 1» 1* 

a* a* a *•**» 




He<a in a Rectangular FaratleUpiped. 
Denote these by nj, n,, n*, etc. 

Ben<% the general valne of v is giren by: 

*»\*i / 

In this {»rtiottlar <»se we have at «asO, esO, hence 

sinb\/ni*-4.»,».jp \ 
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nji v*, sinli %/ nx* -f* wj* 

rn nh o jg 

sinh s /-f nj* • b 




cos cos n^t 


^^19 . , . * - *;— ,eosfiijrcosnjX 

sinh x/ «**. b 




4-0*1 




^inh \/«/ 4* #1**. 
iiiih \/#i|* 4- ?*f* . 

sinh v'^«/4- «t*. *r 


cos n^y cos n|r 


* cos «jy cos ti*r 


sinh v/«j|*4- rtg* • 

4- • *.. a etc. 

By symmetry 0 |ssso*|. 

At r 5* constant temperature V. 

% V«:a||COS«iy cosftj^4-«ts(cos «iycos WfC 4-cos n*y cos Uiz) 
4- 1 I 53 cos w*f/ cos Hh •... 

.... 4- Oi:^ cos Up . y cos ^ 4 a^(cos n^z 

4 cosn^y cos ii^)4-a^coscos.... 


To d€termm0 th^ ^^eficienis an, a*!, ♦ *. 

To fine! the general coefficient Op^ mnltiply both sides of 
equation by oosit^.y .rfy, and integrate from -*a to ^a. 

On left-hand side we hare: 


r4« 
V c 


J- 


cost^.y .<fy. 


On right'band nde we hairo a series of terms involving an 
integral of the form 


J*^«» ny o<» . dy. 


X2 
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togsAer with two other tera«, vi*.» 

^'cM’«,».<*» + 

Now 

1 I (« + v) sin 1 

aSB- j * ^ I 

But every value uf u satisfies 

n tan 1 ^ • 
ti tan na » ¥ tan va, 

n sin na C09 ra - V sin w cos na = 0. 

Thus the foregoing integral, which reduces to 

^ - - (n sin na cos a«—»•*»»«» ®®* 
n*— 

is aero except in tbe case v^hen «— 


cos* • % cos n^. 


MoHiply both .Wo. by o'o. ond intogroto ». 

before, then ^ ^ 

V p %08 . dy P cos . dz “ ««J w*** "eT • 

r‘+* i*4« • 

+Off \ c®»* "US' • J , ^ ”»** • *'* • 

Saoond integral zero on integration. 

»a„J*(1 + CO* (I + «» 2»,^)rfs 


^ f 


')• 



Heai in a Rtetangular Parallelepiped. 
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ipn 


n^a 



= 4 V. N,N,. 


ts*4 


1 + 

iau«4.W, 

\ • V. NfKji* 

(a«=4V.N/. 

S«bilitiitiiig for eonstaata in general expreasioii for e 
nh s/ni^ ^ %* ♦ 4? 


^ i * aiali \/«i* «!* * 4 

/sinh v^^HKng*. 4 ? 


oos ii|y cos H|^ 

. ilt /stnh , \ 

\sinh V . o / 

«tmh n,* /«•* .4! . . > 

\ • , eosii|ycos«t^-|- , *., etc. > * 

siiih V «* ttj* . 0 1 


where W|, % . * * etc^ afo the roots of the equation 

ft tan fiaas *v • 

K 

Tlie solution of this equation is most simply performed by 
obtaining an approximate solution by means of a graph and 
then solring more aosuralety by trial and error 
E, ff. Supp<^ specimen is of granite ; 

asatt'5 cm. Itssi2*5 cm. 

/i«0*0003. K«0Hm 
M tan fias:0*125. 

Soilring and suUstitnting we have: 


{ 1 , 


0404 


sinh %/ Hi* ^ iti* - # 
sinli . /» 


cos «iy cos n|^ 


--0*02487*:—(<ms cos nfS-bcosntJ^cosni-r) 

sinh v Hi* -r fi, . o ^ 


+ 0*000595 


sinh %/ fi?*. 


<ms fity cos 4 ♦ * * * etc. | t 


sinh \/ %* 4 «|*. 5 

the coeffieienhi all heitig expand^ numerimily 
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XXIX. liadiatim of JFhn^resemt Liquids. 

% B. W. WooB^. 


[PUt« T.] 


E xceptions to Stokes^s law in the oaso of the 
flooreseiog vapours of sodium^ iodtna^ and otbor 
elements are the rule, as has beeu shown in numerous 
pr0%i0us pa^rs. 

In the case of solutions of organic dyes it is less easy to 
show the phetiomenon; in fact its eKistenee was a matter of 
dispute for nearly a qoari«r of a centiirv. Tlie very careful 
photometric worlt of Nichols and Merritt established its 
existence, but the observations ap|>^r to have been extremely 
difficult, and so far as 1 know' no photographs have ever 
been published showing the presence of anii*Stokes radiations 
in the c^se of solutions. 

In preparing an article on fluorescenet^ for the new edition 
of the EncyelopaHlia Britainitea it appeared to he of interest 
to secure photographs establishing the reality of ihe pheno¬ 
menon, and I was surprised at the ease with which resalts 
%%"er6 secured. 

A very dilute solution of fluorescein {alkali-salt), rendered 
sligiitly turbid with a precipitate of silver chloride, was 
illuminaled in a square bottle with the beam of light issuing 
from the slit of a tw*o-prkm i«ono<diromalor. The function 
of the silver chloride was to sc-atter a small portion of the 
monochromatic light m that the narrow spectrum bund of 
the illuminating beam would sipjH*ar superposed on the 
fluorescent spectrum. The slit of the prism speetrogmph 
faced the fluorescent track from the side. 

With blue light excitation the fluorescence was very bright 
and an exposure of half a minute was sufiieient. A siKlium 
flame was then placed Whind the bottle for a few sceonds 
for the purpose* of securing a reference mark on the sj^ectro- 
gram. The result of this exposure is rcproiluced on Pb V. 
ng. OP, the exciting monochromatic tend by the 

silver chloride u at the left, while the D linoi are at the 
right, the green fluorescent spectrum lying tmtween the two. 
Itt figs, and e the exciting band has mo%ed up into the 
region of fluorescence, and the spectrum w seen well 
deireloped on the short svavo-lengt h side. Tli# intensity of 
the fluoresconoe was much less in this case, f^ajpoaures of four 
and five minutes being itecesjmry. In fig. d the wave*Ierigth 


e Commuiiiaitid by Authm* 
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of tbo exmtiog Imtid has ioeroasod to s«oh a dagreo that 
fluoraseonee no longer manifests itself. Keeping in mind 
the principlen of the quantum theorj, the question presents 
itself as to where the energy comes from that makes the 
aiiti*^t 0 kes radiation possible. 

In the imae of sodium and iodine vapours there is no 
difficulty. The absorbing molecule may be iu states of 
vibration and rotation higher tlian the stero states^ and after 
excitation may revert to the xero state. In this case the 
excess energy necessary for tlie anti-Stokes term or terms 
was stored in the molecule l^fore it absorbed the mono¬ 
chromatic exciting radiation. 

Or when in the excitcil state, say the 27th vibrational 
level, it may, by collision with another molecule, either of 
the same or a different gas, be carried to a higher vibrational 
and rotational level, and thus, on its reversion to the lower 
initial state, release more energy than it absorbed. 

Both of the aljove processes will l>e facilitated by high 
temperature, for in the ease of the first process there is a 
grt^ier chance of a molecule being initially in a state higher 
than 3tero, and in the second case the energy which can be 
delivered by the colliding molecule will be greater. High 
temperatures favour the tievelopiiieiil of anti-Stokes lines in 
the imm of iodine vapour exciiml to tluorescenee by tlu* green 
mercury line, as %va5 shown by Priiigsbeiiiu 

We might therefore expect that heating a fluorescent 
solution would fa%*oar the production of anti-Suikes radiation. 

To test this |>oint the immocdiromator was set to deliver 
radiation as in the case of tig. h (PI. V.), i. c.. to excite with 
a wiivo-lcngth insi<ie of the fluorescence Imnd* A b-st^tube 
was wdth fluorescein solution at 0% ami the upper part 

heated to beditng with a bimsen flame. On holding the 
test-tube in front of the sHt of the monochromator, and 
moving it up ami down, thcf upper portion (at 100^) was seen 
to fltiorest^e with much gri'ater intensity than the lower 
(at 0®). This was not the case with excitation by blue light. 
In geiieriil the effect of high tefiipcraiure is to cieemw the 
fluorescenec of organic dyes, Home samples of rhodatnine 
are non-fliiorescent at while shining brightly at room 
tem|>erature. 

There is another factor, however, which must be considered 
in this connexion. The absorption band advances towards 
the region of longer wrave-lengths as the temperature is 
tncraased. This is a verv general effect, and very obvious in 
the case of some coloured glasses. In the ease of fluoreseeiit 
the upper part of the solution (at 100^) is, by transmitted 
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Ughi^ a slightly different tint from the lower (at 0^), 
tfce ohange of tint being from pale vellow to pale orange, 
jellow. 

Interpmting this in the language employed in the ^tse of 
iodine vapoar, we might say that at the higher temperature 
the moleonles were in a partially eateited itate^ and that 
oon^qnentij energy (as supplied by a radiation of longer 
wave-len^h) wonld be necessary ti> mtr^ them to a definite 
upper leTeL Our knowledge regarding the absorbing 
meehanism in the case of these complicated moleenles is 
sc^nt at the present time to warrant much specnlation. 


XXX. The Mmmrinp of Lage t« Duehargm, By WinuaM 
Cl^ABKSON, Ph.JK^ M.Sc,f Jniernafimml Edumtion Board 
Fellow^ Physical Imiituie of the Vnirtrsity of Utrecht^* 

1. Jnirodueiory^ 

"OjTORK on lags in the occurrence of discharges through 
▼ ¥ gases involves the determination of the dependence 
of the lag on various factors^ of which, for examfde^ voltage 
is one. Since fully to determine the rfdatioiis sought 
nninerons and comparable ineasurHmeiits must niade^ 
quick and simple method-* iinisi be possible. They should 
4Uso be ntilizable at hi^li voUnge* and W ncm-selective, 
recording all lags impartially. The pn*mnt aecount de* 
scribes two such methods used by the writer which fulfil 
the required conditions admirably. 

2 . Z^gsP 

As a rule condenser^ or ** dynamic/^ discharges are tliiclif«h 
amd indeed they present the most general case for this 
purpose. The sequence of events in the initiation of all 
dynamic discharges is the striking’’ of the disidiarge fat 
some point on or lieyond the threshold enrmnt cbarac- 
teristic)^ the stib^iient ‘‘bnildiiig^np of the current with 
a traverml of the bnild^np region of the characteristic, till 
another point on the characteristic is rmched and extinc¬ 
tion” ^^nrs. Single ^ndenser discliargas exhibit these 
phimomena in tiie simpiesi form, and their ti^ndy provides 
ml the material ^ential for the elneidation of the problems 
involved. 


^ Caamittiilmied by Pfoimmott Omsteia. 
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Two lypas of lag must be distinguished, an interval 
tiatween the itpplioal^ofi of the potenMal and Uie initiation 
of build-np, i, a lag in ** striking/^ and an Interval betw^n 
ibe diseharge striking and the imptiinnin etirrent being 
attaiiied«<-^*. a lag in ** build-up/* A lag in build-up is 
alwavs pre*^nt* 

Sinee the voltage is a highly significant factor in lag 
variations it is nece^ry for tiieir eaact study that they 
be measured under definite or comparable voltage-time 
conditions. Normally the voltage throughont a mg in 
striking will be eonslant; its variation during the build-up 
period demands investijpition. 

It bas been shown that during bnild-up of a eonden^ 
discharge the current increases continuously with time, very 
slowly at first, but sulmequently at an ever-inor^ising rate, 
i, r., in a somewhat exponential manner, until extinction takes 
place. In discharge-tubes tlie current, even after as much 
as 90-93 per cent, of build-up has transpired, is only mmB 
10This means that for all but small tmndansers the 
voltage-fall in this period is almost negligible unless for 
very great lags, and that we commit but small (say at the 
most a 5 per cent.) error %% hen we assume that the potontial 
is cotistmii, at ita initia! value, throughout build-up, and that 
then its fail to the exitnclion value is instantoneous. 

3* Principlec o/ MethodCm 

Two methods utilising the foregoing pmperties of dis¬ 
charges have been develo|>ed. In each me quantity diverted 
by a system in parallel with the discharge-tube during ttie 
interval between the application of the condenser and the 
end of bntld-up being reaoh^ is mmsured* 

With the appliini potential being assum^ constant (at Vn)? 
this quantity is determined by :— 

(A) The charging-up of a oipaeity K through a high 
resistance li, the increase in its voltage from V«, the initial 
v^alue, to Ye, the final value, being found* The time 
extinction t is given by 

e=KRlog.^»-“^; . . . . (1) 

(B) Th® throw of a ballistic galvanometer (throw of 
known constant K, the deflexion 0 for the steady ear«mt 
prodnoed by being found. In this caw 

<*k|. 



314 Dr. W. Clarkson on tie 

Botk arrangements satisfy the folloaring essential <»>n> 
ditions: the quantify diverted from the discharge ajstem is 
so small that the conditions of discharge are unmodified; this 
can be checked by the fact that on no*discharge Vk attains 
the value of Yh, and that they can be made insensitive to all 
voltages less than the extinction voltage In value, otherwise 
the “clear-up” lag and the remaining charge in the condenser 
would add to the throw of the galvanometer, or increase the 
value of Y». 


4. Electrostatic- Voltmeter Method, fFig. I.) 

Method .—The diagram is practically self-explanatory. 
A condenser is connected to a source of 8t«idy voltage. 


Fig. 1. 
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Fig. 2. 



hero diagraminatically a j>ol«ntiometer I*, jmd a votfog© 
measuring device, her© given as the voltiiM’ler K,. It can 
be discharged through the discdiarge-ttibp T bv closing the 
key 2, 1. 

An electrostatic voltmeter K, shunted with a small con¬ 
denser, forming a system of ca{mcity K, is connected in 
paraliel with the tulje through a diode I.>, as valve, ami a 
high resistance R. 

El is initially at V^, C «it V^. On closing 2, 1, t* teiiiains 
at V* up to the end of bnild-up E, meanwhile charging 
uu to V*. The voltage of C then falls to its final value ; 
E^maifis at V*. 
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folbwmg condfiMoM mmt bn ob- 

a. must be higher than the esttinction Talae. Tfai« mn 
be obtained by ohooeitig of suitable value. (To vary Y^ 
close 3^ 4^ adjust P.) 

b. The diode resistaiK^ must be siimll compared with R 
and should be constant, that is, the fiiasnent current should 
be large and constant. In the writer^s experience the 
correction for the vah e resistance ami eharueteristic could 
be neglected. 

e. With H large sind K small the quantities of electricity 
diverted from the discharge are negligible and the diotle 
resistance relatively insignificant. The value of II should 
be the itiaxitiium consistent with K being great enough to 
be unaffected by the change of capacity of E on deflexion, 
and witli \\ having a value such that the relation 
Ym*-Y^Y^^Yu (see 1) is determiiied with sufficient 
acciiracY. The writer has used circuits with 11=5:10-50 
megohms and K=0dK)I^F. For resistances even pen¬ 
cilled elwmitc may ustnl ; some of the la*tter grade grid 
bow 0 V€*r, prove to lie the most reliitble, 

d. The leakage of the system slioukl be small. This is 
antagorii-^fic to c. If it is wiistaiit, however, the rate of 
h*ak at \\ may la* found and the correction applitMf tor the 
interva! lietwecn the discharge taking place and the reading 
of Vn, i. e., for a period of the order of 5-10 sees. 

5 . Siring^Ki^^ctmm^ter MhIhhI* 

The fhregoirig arrangement has been found to |iosscss two 
sources of error in practice—the resistance of the voltmeter 
contacts, an InenraWe fault in most cases, and the ‘‘soaking- 
in effects of the confleiiM»r at K, Substituting a string- 
electrometer for the electrostatic voltmeter avoids these 
errors. 

The string is coupled ith the diode side and the plates 
connected through suitahle hatteries to the other arm of the 
circuit. The siring can be made quite taut, as but little 
seiiiitivity is needed, and thus the system, though relatively 
sensitive, is practically dead-beat. The ca{>acity and tlie 
leakage of the electrometer being quite negligible, K is the 
c^jmeity of tli# condenser in parallel, be., is constant, and as 
this may la? a small air condenser, leakage effects may 
alitninaled and the s<mking-in effects are quite avoided. 
FurAert the value of R may be inertmsed to almost any 
extent. 
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It WHS fotiiid that the »ew difficulties intrcdise^ ware 
(a) daterminmg the values of RO, aod (b) measuring 
and V*. For RC it was found easiest to calibrate the 
system directly with a contact of known duration ; for (/#) 
the eleetrome^r was coupled through 3, 4 to the voltage 
supply, as showiu Yq could be kept constant at a known 
value or determined afresh from E|, and a few readings of 
Vje from B|> while giving their values, also served to calibrate 
the instrument in this region. One advantage was that all 
voihsges were read on the same instrument. 


6. Ballutie Galmnameter Method. {Fig* 2.) 

Method. —G is a Imliistic galvanometer which can be 
shunted by a variable res^istance 8. One side is connected 
to the discharge^tube through a diode with variable hkiiient 
current. In order to make the system insensitive to voltages 
less than the extinction value, the other terminal of the 
galvanometer was maintained at a higher potential than 
this by tiiaking its connexion through a battery B, as shown. 
Alternatively it may be connected permanently to a suitable 
point on the potentiometer. 

With S out of the circuit {i.e. 9 open) and the tuW in 

(i. e. 5, 7 closed), a dtschurge is sent through T by momen¬ 
tarily closing 6,5 and r adjusted iintil the dicale conductivity 
is such that the throw ^ of the galvanometer is of suitable 
value, u c., some few cms. ; the smallest throw consistent with 
aecnniey is liest. The diode is now' permitted to attain a 
constant state before final readings are made. 

The tube T is now cut out of toe circuit (5, 7 opened) and 
the shunt S included (fi, 9 closed). S is now adjusttHl until 
the galvanometer deflexion on closing 6, 5 (i. e. for a voltage 
Vjn) is of suitable proportions. 

Knowing the values of the resistances of S and G, the 
values of the throw and the deflexion 6 . and the 

constant of the galvanometer system K, the diinitton of 
the diiwAarge t may he found, as previously shown. 

Premuiiom. —a* The more sensitive the |alvanomeier the 
lefi the charges diverted ; the lower the resistance, however, 
the better. Extremes are untiecesi^ry. 

b Thm diode must be well insulated so that the h«ek- 
volUm dine to B produces no deflexion of the galvanometer. 

c. It is easiest to determine the constant of the galvano¬ 
meter directly by giving contacts of known dunifioo. This 
gives the constant for working conditions. 
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d. Measarements o£ ^ and 0 must only^ ba made with the 
diede in a <i«ite ceiittaut state* This necessitates waiting 
some minutes after varying r* On the other hand, on^ the 
diode is constant a range of throws of from 2 or 3 to 50 cm. 
is possible, L e*, a corresponding range of lag-values covered 
for the one filament current. 

e. The method had one fault not contained in the pre¬ 
ceding ones; on no-dtseharge or only a corona-discharge 
taking place the whole charge of C is thrown through the 
galvanometer. The effect has been found not to be serious 
normally the prolmbtlity of this occurring is absent in most 
cases. It is obviated in any case by making the contact 
at 6, 5 the mtnimutn possible* 

7m Conehmoum 

Both the given methods fulfil the conditions for the study 
of lag fdienomeiia. They are quick and reliable and nor- 
inaltj give results under constant voltage conditions. They 
are accurate to the limit the dynamic characteristic allows,, 
aud if necessary may be corrected for the (say 5 per cent.) 
error this implies. t Wrections, however, are suj>erfiaous ; 
for one thing the readings are relatively correct, and in any 
ease the lag under constant conditions shows greater 
vartaiiotts. 

1‘hough for m?iny purposes direct methods based on 
commutators, &c*, or on the peak-voltage variations, are 
quite suitable, they ileiermiiie only the extreme values of 
the lag and are not easily applicable to single discharges. 
The above methods record all lag variations impartially* 

Further, by cduinging the mininuim voltage to which the 
systems are seiisittvc the whole dyiiainic charaeieristie has 
lieou studied, the clear-up^^ lug as well as the ** build-up*’ 
lag. This is an inferesting field. 

Tlie ballistic galvanometer method is suited to work at 
high voltages, the limit being fixed merely by tlie strength 
of the diode. 

It is possildo to combine both methods and to measure 
the quantity diverted into a condenser by the galvanometer 
throw. This method, however, is more complicated and has 
no obvious advantag<^. 

The writer baa great pleasure in recording bis obligation to 
Professor Ornstein, ana also to the International Education* 
Bmird* 
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XXXI. A Method of Determining the AhsaiiUe Zero of 
Temperature. J. R. Cotteb, M.A.* 

T he determination of the absolate zero is, from the 
theoretical point of view, not an experiment in tlmmio- 
inetry, bat in aecnrate calorimetry. This is pointed out in 
Lord Kelvin’s article “ Heat,” in the ninth edition of the 
Encyclopsedia Britanniai. In that article Kelvin suggests 
tliat the thermodynamic scale might be realiamd by means of 
what he calls a steam thermometer, that is,* vapour-pressure 
•hermometer containing a mixture of water and steam. 
Using Clapevron’s equation for the calculation, he required 
to know the pressure of saturated steam at various temper¬ 
atures, and the latent heat, as well as the density, of steam, 
and the ratio of the densiiies of steam and water. He 
believed that Regnault’s values for the vapour-pressure .md 
latent heat would be sufficiently accurate, but had no data 
for the density of steam. He was unable to form an 
opinion whether this method would be more accurate than 
the use of the hydrogen or nitrogen thermonjeter. bnt he 
expresses confidence that the steam thermonjeter, once 
standardized, would be ranch more accurate and more easily 
reproducible than any other thermometer whatever. 

Bv a modification of Kelvin’s method and the use of 
electrical calorimetry, the position of the absolate zero 
<;ould, I believe, be found with a great degree of precision. 
In fig. 1, A is a small bulb which is connected to the much 
larg^ bulb B, and also tea small manometer M. The lower 
exit of B is connected to a tall roerenry barometer capable 
■of measuring .a pressure of two or three atmospheres. A, B, 
and M are surrounded bv a glass vessel, which lain l»e 
exhausted. The whole apparatus is supposed to be enclosed 
In an accurate thermostat. 

Now suppose that B is filled with mercury up to the 
mark C on the stem, and that A contains nothing but a 
liquid and its vapour, and that M contains the same liquid 
and its vapour in the closed limb. Water might l>e ns<>d, 
but pro b a b ly a more volatile liquid such as benzene would 
be better. A naked heating-coil (not shown in the figure) 
is immeiaed in the liquid benzene in A. When all is at the 
temperature of the thermostat the benzene in the tw o limbi 
^f M are at the wme height. The vapoar>pressure is then 
read off on the merenry barometer. 

• C^wunoniested by the Audior. 
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To cany oat an experiment the mercnrj is ran ont o£ B 
at a constant rate, the cnrrent in the heating-coil in A being 
simaltaneonsly started. I£ the corrent-strength is properly 
adjosted to the flow of mercery the whole of the heat 
supplied by the coil will be employed in causing the mixture 
of benzene and its Tapour to go through an isothermal ex¬ 
pansion. Any lack of adjustment between the heat-supply 
and the change of Tolume will be at once rsTmled by the 
differential manometer M. When the mercury reaches the 
mark D the current is switched off and the outflow stopped 
simaltaneously. 


Fig.l, 



If T] is the volume of M and A down to the mark C, 
Oj the volume of M, A, and B down to the mark D, Q the 
energy communicated in ergs, and T the(unknow'n) absolute 
temperature, then, exactly as in Clapeyron's equation, 

<fF (i^—ri)d/» 

T* Q ’ 

so that if a series of experiments is carried out at tempera¬ 
tures ranging from the freezing-point (To) to the boiling- 
point (Tioo)j we <mi And Q as a function of p and integrate 
equation (1), geUuig 

wt I 
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The advantagea of tbia method are that only one volnme^ 
that of the bulb B from C to D, has to be ineasared; that 
the oaloriinetrio oonditions are ideal, since tiiere is no radia* 
tion correction and no correction for the thermal ca{)acity of 
the containing vessel; and that the heat>energj is directly 
obtaioed in ergs, so that Joale*s equivalent is not required, 
as it would be in tlie method suggested by Kelvin. The 
only correction, beside the electrical ones, is that for the 
expansion of the globe B due to pressure and rise of tempera, 
tore, and the usual barometer corrections. 

In order to bring the mercury back from D to C it would 
be convenient to have a heating-coil wound round B. On 
warming B, and admitting air te the exhausted space, 
causing a cool current of air to pass in at E and out at F, 
the vapour in B wonid be drieil, and the mercnry could be 
slowly raised to C. 

With this instmment the whole thermodynamic scale 
down to the lowest temperatures could bo reoonstructiwl by 
using a succession of suitable liquids. Some modification 
would be neces-sary below tbc freezing-point of mercury. 

At present, the exact position of the absolute zero 8eem.s 
to be uncertain to about 0® l. Kamerlingh Onnes obtained 
the value —273®'09, while Henning and House give —273°*2. 
Other calculations lie between these values. 


XXXIl. Hamilton-JaeobVt Diferenlial Equation in 
Dynamics. By G. 8. .MaHaJaki *. 

1. TN his note, published in the January number of this 
X. Magazine, Kunz claims to have derived the Hamilton- 
Jacobi equation directly from Euler’s differential equation of 
the calculus of variation. This note is somewhat misleading, 
for, instead of deriving the Hamilton-Jacobi equation, what 
is really done is simply to verify that a particular funetion 
is a solution of it. 

2. That the equations of a dynamical system are included in 
the single principle of least action is well enough known. In 
£act,asliashecm sometimes said, the test of any system being 
“ dynamicdi ” is the existenoe of aomo function which remains 
sta^onary. And because “ the Lorentit” field-equations <»d 

• Commmfaartml hy E. Cmmlnghsm, lljk. 
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Diferential Equation in Eynamict. 

be derived from the leest-action principle, some claim that 
“electron theory” is nothing bat the dynamics of the 
electron. Hence, every dynamical equation—in particular, 
therefore, the Hamilton-Jacobi’s equation—must be capable 
of i)eing derived from the differential equation of calculns of 
variations. 


3. The logical order of steps in this process is as 
follows :— 

8\\Uq,q.t)dt==0i .... (I.) 


from this we come to 


d /SL\ 
dt 


and from this to 


r»(1.2,3...n) 


whence 


. BH 

. BH 


(III.) 



BS 




= 0 . 


. (IV.) 


Now all th*'8e four systciii.s are completely < quivaient to 
each other, and the significance of the lass is this:— 

If we can find a«y solution for S of that equation, with 
the necessary number of constants, say 

^ ” fX.^^ *>■> 0 » 

tlien the solution of the problem is 


/V 

■0r 


, 

hqr I 


where “ ^*8 ” are also a>nstants. 

It most V>e remembered the integration constants {*), and 
the other constants (0), do not in general bear a simple 
interpretation. But there is one imrticaiar solution of the 
equation in which the constants appear significant. That 
EAiL Maq. 8. 7. Vol 6. No. 35. 1928. Y 
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partmdar timction is what is known as the Principal 
Knactimi of HatniUon* vis,: 

S rr: I hill. 

What Knns has done is simplv to sliovr that this function 
satisfies the Hamilton equation. But that certainly does 
not estaUUsh that ann solution of the equation solves the 
dynamical problem—^which» in faet^ is the main point about 
that equation. 

4. Whittaker has shown in his book on Dynamics that 
^^all the differaniial equations which arise from problems in 
the calculus of variations with one independent variable can 
he expressed in the Hamilton form’' (Article 110). We 
can. therefore, dispense with the Ijagrangiau Equation and 
^et the Hamiltonian system directly from the Euler equation 
of Calculus of Variations. And then we establish the 
complete equivalence of (III.) aiui (IV.) aliove. 

5. I shall conclude by provingithat the Principal Ftinetion 
of Hamilton, I Lrff, satisfies (IV.) in a way which clearly 

brings out the significance of the constants. 

Consider the trajectory in the ii-dimensional space 



Lat the system b? projected from O with velocity 

(hm 

( ** 

hilt is a definite function of the 2n initial constants 

‘ . . . 

ai»d I. Alternatively^ we can express it in iariiis of 

and in this form we denote it by 
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fbnsi<len now, an adjacent mrud path having one-to-one 
corresponding but eoMmnporaneous |M>sittaiis of points. Then 


ss 


w’hich reduces to 


%mce 


: \ Zhdt 
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But, uo\%\ if we suppose t also to vary, we at 


i* e* 


dt 

B* Cfjr 


BS 

Bi 


+ip//.-. 


BS 

B« 


+ (2;»,^r—L*) = 0, 


^ H - n 

^ 4 B 5=s V, 

Thus wo see that 1 Ldl is a solution of the Hamilton- 

Jurohi equation, and that the constants (9n») define the 
initial position of the STstem, and give the initial 

mommisk* 
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XXXIII. 7%e Application of a Vahe Amplifier to tlw 
MeamremetU of X-^ap and JPkoto-Klectrie Effects, Ey C. E. 
WiKN-WnxiAMs, M.Sc* 

I N a previous paper t « valve amplifier for ionization 
currents was <iescribed which could conveniently be 
used to replace an electrometer for the measurement of 
ionization currents of the order of 10"** ampere. Such 
an instrument, it was shown, possessed certain advantages 
over other metliods of measurement. Its usefulness, how¬ 
ever, was limited in that it could not always be operated if 
an induction coil or similar impulsive high-potential appa¬ 
ratus was at work in its neighbourhood. For this reason, 
its use for the measurement of llie ionization currents 
produced by X-rays was ruled out. 

Subsequent investigations, however, have shown that, 
under certain conditions, and provided that suitable pre¬ 
cautions are taken as to screening the apparatus, the 
difScnities in the way of using it for X-ray measurements 
can be overcome, and that, in addition, when employed in 
conjunction with a photo-electric cell, it can be used for 
photometric work. The object of the present }»aper is to 
explain how this can be done, for the guidance of any who 
desire to employ the amplifier either in connexion with 
X-ray measnrements or photometric work. 

In addition, the modifications of the amplifier deserilied 
in the present paper may Iw found heipfut in applications of 
the amplifier other than for X-ray measurements and photo¬ 
electric work. 

For a full discussion of tlw theory of the amplifier the 
original jHiper| should W consulted. Here, a general 
account will suffice. Referring to fig. 1, C and D are two 
three-electrode valves whose anodes are connected, through 
rraistances Rj and Rj, to H, tlie |M>sitive {»ole of the high- 
tension battery, the negative end of the latter being con¬ 
nected to A, the negative end of the valve filamenbt. A 
galvanometer G is connected across the two anodes. 
Uonsidering only tho plate currents ij and and regarding 
the system as a Wheatstone bridge, halance will be obtained 
when Ei/fi^ssXi/Xs, where Xi and Xf are the impedances of 

• Commaalestedi by Rtrf. £. A. Owtn, M.A., D.Sc. 

+ C. E. Wyaa-WimsBis, Proc. Oamb. Phil Sec. zzid. p. 811 (1927), 
i Xoe. eft. 
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the valves. I!be effeet o£ driving an ionization current on to 
one of the grids—the other being left free, or “ floating ”— 
is to raise its potential, pcmitiveiy or negatively, and so alter 
the value of (or of Xj}- This results in the bridge 
becoming unbalanced, and it can be shown that, provided 
the amplifier is operated with suitable valoes of high-tension 
and low-tension voltage, a small change £ in the potential of 


Figr.l. 



Bx 


2X + g(i+|)' 


As the eleetrmitetic capacity of, and leakage current from, 
the grid of a valve is nsoally very small, a small icmization 
current can raise the grid potentiaf by an appreciable amount, 
and a current amplification factor—representing the ratio 
of the galvanometer cnrrent to the ionization current driven 
on to the grid—of the order of 10* can be obtained. The 
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amplifier may therefore be used to replace 

or Ltreraely sensitive galvanometer, *r 

work. To convey some idea of the sensJtivitj, .-ar-v 

characteristics of different valves of the s®™® ^'P® '*2 

considerably, in a particular ease, using a 

vanomoter of sensitivity 200 "‘"'/'"f ' 

could be regarded as a quadrant rometer of sens.tmtj 

about 6000 mm./volt and shunted by a 

360 megohms. In this case the smallest current tba & 

be raeafured {governed by the steadiness of *®^ 2 icdv 

between 10 and 10-’» ampere. The .s^le was 

linear, but, if desired, could be calibrated uithout >; 

For small jmsitive ionization currents, however, wh tr 

introduced by assuming a linear .«cale could ; 7 , 

great advantage lay in the portability of the instromtnt,. 

flst>in the fact that liigb insnlation of the lom/ntion chamber 

"™;;:S"'^Unless two valves, identical in all respects, 
were i/sed. such a bridge would Ik* ‘‘Jy*'";,, 

roent of verv small currents, owing to the 
potential of the batterie.s producing 7*^:4 

different changes in the two plate " a 

to a verv unsieadv zero. As the probability of f 

pair of ‘valves— eVen of the same make and 
ire identical in every rcs,K.ct O.e.as 

characteristic curves! to the degree required in * '‘^777 

is extreinclv small, an artificial meiho»l o steadv zero 

ordinarv valves has to be re.«urted t<. before a stP.id^ . 
can be as.snred. .Sneh a method was attiuneil m the am(>bh. r 

descrilied in the original paper. . , , . i:., 

This can he accomplished very J'-' j 

of the two series filament re.s|sta,Kes I B wire FF' 

which arc actually the two portions .d -Y. d 

The theorv. and the practical inethml of “ •7 - 

the amplifier {or of rendering tt immune t mm batU rv 
voltage fluctuations), are described in the original papet • 
Here^it is sufficient t« say that, for any given .ilnmcnt 
ro^oo, there will usually la, found one or more ,k>s, turns of 
Ih* stfder B on the wir^ at which a small change in the 
toteVv voltage produee.s no change . 1 , the galvanometer 
?XSon. and tbit it i.s a simple matter of trial and error to 
find a suitable combination of the position of the slider B 
and the filament voltage, the latter being adjusted hy means 
of the rheottat K mmi the volti«eter V. 


* tiL 
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Electromagnetic Disturltances. 

Such a combination o! amplifier 
aavantageously be sul^tituted for an 
types of work. In particular, it is yery nse u 
activity work. If, however, an induction coil be operated 
near i*t, or high-frequency surges are prevalent m 
lalioratorv, the zero is rendered very unsteady by di - 

fro,,, induction coil, .ndin... nn 

electrom-aguetic wave, which induces an alternating 
on the iusnlated leads to either of the grids, 

latter becoming charged alternativeiv positne y an 
tivelv. During the positive half-cycle, on account ot the 

electron stream lo the grid the ‘'s ! mean 

than during the negative. Hence the 
negative charge during the “ reception of the 
which leaks away after the wave-innn has pa^i, bdiav ng 
in this way like the '•cumulative grid rectifiei u.ed 

radio-telegraphv or telephony. •, i i„ 

In the original apparatus the valve.? and grid leads were 

enclosed in an earthed screeniiig-hox, 
to protect the grid from hand-capacity effecte. le i, 
ever, an induction coil was oiH*rated near the amphhe . 
zero, in .spite of the screen, was unsteady. In this 
portions of the apparatus {i r. batteries, 
were outride the box, the insulated leads entering e a 
.served to eonvev the iKUential surges througli the elect 
suitic si reen, Before lh« amplifier can therelore he used in 
a lahoraiory where high-lrequeney surges art. preva tii , 
further utteniion must In* paid to the screening. .1 „ ■ 

(ireater care is neetled in .screening a vmve bru gc i-» 
the case when working with an ordinary cUH trometer. because 
of the rectifying action of the grid ciirreiit. Wlint, 111 
case of an electrometer, the high-lrequency ‘f b 

surges mm/ find their way to one pair ol quadrents, oespi - 
the fnet that most, of the appiratus is enclosed tn an ^artlieU 
case, the mean value of the alternating potential wiU be zen, 
and will not cause any movement of the needle \«n ess. o 
course, the electrometer is lieing used idiostatically). n 
the other hand, in the case of high-fre<|uency surges htuHng 
their wav to the grid of a valve, the rectifying action ot the 
grid current results in the mean vahie of tlie grid potential 
rising negatively and causing a change in the galvanome er 
current. Investigations were therefore made to ascer a 
whether, by careful screening, and ensuring that no wires 
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„ tod. «c'^"TL“X 

from induction ^ds " fas to render the zero 

«ientiy eliminated from S-ray ionitation 

steady enough for the measurement ot a raj 

eurrents. . , . . 

Arranffement of Jpparatut. 

In the original apparatus 

consisted of plug-in resistances in the 

As it was necessary te controllable 

screening case, some form of a Aii arrangement of 

necessary and g’”g 55 ary to effect balance is 

As the change in resistanc _ y. ' , portions 

small compared with the , oontrollahl’e from outside 

cf the latter need l.e yar.able of fixed 

the case. The remaining portions can conasi 

resistances. . a„r,rU resi^stances con- 

In the '‘"®"g®‘«®"‘_fjff|tcffixed lon-inductive wire 
sist^d of three * (^2 i, ftsimiHl at 250(h 5000» anti 

resistances of 10,(K)0 olints eae , n /^t a fixed 

7500 »bm., the itocW to coot^t. 

resistance coils, o< alaiut -0 • ^^,(4— 

studs— connexion being made to the •«« I ^ 

serving to obtain an approsiniate ^ J .uppHod 

tinuously variable 400 ohm ««tsnmce ofthe 

for use as potention^ters 111 ^ j adjusted 

a ffne balance to be obtained. ^jJ^^j^tensitm rods, 
from outside the box by lueaus - purpose, hut 

Metal rods could, of course, be used fur tti s purp _ 

nnless earthed to the case f*. into the 

"L w?tor fitour; .booito or «,««. 

« .Wwo in «8. 2 W- •• »■« 

Ifte k/.tod switch has two wiper arms, A and 

be observed that the stud smicn u 400.ohin 

B. to which pair of 200-ohm 

Jn effJettee i4.i»tatice of 2W ohms, having 

hightoDMM By r to g ^ <,f?h. wtontio- 

rt:rf?bf Mdp o.rtb.WFor. b. bnlnncod. A. to.M 

* A, supplied by Messrs. Parley k B. I. for wireless work. 
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resistuoce of the coib F, G, H, K,.... shoald bo a little 
j^oater than 1250 ohms. Eight coils of 200 ohms each 
shonld therefore be snitable. 

A simpler arnirgeinent is shown in fig. 2 (6), which has 
the advantage that only one wiper arm is reqnired on the 
stnd switch. In this case the resistance of the coils may be 
increased from 200 ohms to a little under 400 ohms each, 
their sum being Just greater than 2500 ohms. Other 
arrangements could be devised, bat the one shown in 


Fig.2. 



fig. 2 («) will prolmbly be found the most snitable. With 
the urraiigenient of fig. 2 (aj, balance can be obtained in a 
few seconds w ith far less trouble than when plng-in resis- 
tanco boxes are used. As a refinement, a sn-allcr (say 
10-ohtn) resistance of a similar type to the potentiometer 
could be placed in series with the latter, to obtain a still 
finer control over the galvanometer, though this will not 
osoally be fonnd necessary. 

It should be observed that it is not necessary to have the 
bridge actual ly tmlanced before use. Any arbitrary aero 
position of the galvanometer 8j»ot may be used. By slightly 
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delmlancing, the ^ero enn he moved to the most convenient 
position on the scale. 

No other itn}H>rtant chutigas were intide in the circuit 
arrangements. The briilge was eomjiensated as described 
on p. 817 of the original article, and used after a steady 
state of eqiiiltbrinm wsis attained. The type of valve 
employed was, us in the original apparatus^‘‘Osram 215/’ 
operated at a liigh^tenj^icm voltage of tJt^ 

♦ C? rif ‘km * 

The valves, fixeil and varinhle anode resistatiees. ami leads 
to the grids %vere €^tudose 1 in one metal boK, wbih* the higli- 
and low-tension aeeiiinnhdors, compensating slide-wire, and 
filament rheostat were enclosed in another. The connecting 
leads between the boxes passed through metal tubes stddered 
into the latter. The galvanometer—a refiecting pa tcrti, 
fairly well tlainped, and of sensitivity about 200 mm micro- 
amp.—w*as cneiosed in a third tmx with a wire grid wtndo%v, 
the loads from the galvanometer to the anodes passing, as 
before, through s«l*lereddn metal tubes. The three boxes 
wore close to otic another, and wert* electrically bondetl 
together in several places. All wires were comphudy 
enc)o-etl lu flu* boxes. The outer ca**ing < <mld be connected 
to earth, or left free, its de-ftired. Thi- w o'- fmind to make 
no observable dificrertce in the reading'^. 

The *dT-»ct of -ubsfirnting the valve bridge ft»r rhe ordifmrv 
electrometer of an X-ray installauofi was investigated by 
conneciirtg the <‘oIlector of the ioni/.utifm cdtainbcr. ibreui^h 
its guard-tiit»es, lo the grid of one of the valves. It 
found, however, that the galvanometer s^.ero was extremely 
unsteady whenever the induction coil snpjdying tle^ X-ray 
tuba was operatcib r^egardiess of whetber tfie X-ray iNntm 
entered the ionizaiion chamber or not. ih\ <Hsconneciing 
the leitd from the grid, but leaving the apparatus in the 
same position lailativa to the coil and X-ray tube, the ^«*ro 
was found tof be steady with the coil ami tube in operation. 
This pn>ves that here again the g!mrd*tfdie*<» emdtisifig the 
leads to the ioni/.utimi chariila'r, while providing ^uflieient 
eiectrostatm screeriiiig for ordinary electrometer work. ^ t»re 
quite inadequate lo prevent high-frequency surges from 
reaching the grid of the valve and eiiiisiog tiristeadine^^. 

To overcome ibis difficulty a simple ioni5r.iit5mi chamber 
was built into the side of the valve box. tlie high-tension 
electrode Wing connected to the positivt? }N>h» of the thl*volt 
battery supplying the plate current of the vahes, thus^ 



to Meamrement of X-ray and Photo-Electric Effecte. 


331 


difpensing with an extra battery and lead, ’wb'*® tbe col- 
leetor was connected directly to the grid. An earthed m 
tube with a copper ganze end window covered the whole 
chamber, leaving no wire or metal parts exposed that were 

not earthed to the case. , 1,1 

With this arrangement the xero wa.s fonnd to be nnaffected 
by the operation of the coil and X-ray tube, while a large 
deflexion was obtained when a beam of X-rays enteieu the 
ionbation chamber. If, however, the metal tnlie sorrotindmg 
the cl.amber was not in perfect contact with the rest ol the 
screening-l»ox, the zero was very unsteady. . 

be used to make a good joint, as soldering, while de.ira , 
was not convenient with the particular arranpment used 
This emphasizes the imi>ortance of ensuring that all metei 
parts of the screening-boxes etc. are in good contact with 
one another. For this reason the writer suggests that, 
rather than have the various parts of the apparatus m 
separate metal boxes, and the latter bonded togeH tr, it 
would l>e preferahle. and more convenient, to enc!oi.e the 
whoie-amplificr. butttwies. I?," 

chainWr etc.—in one large metal ca>. . and 
l...a.n of X-ra> ^ into the chamlier etc. through lead slits in 

the 


T.i obtain some idea of the nature of the resuits to he 
expected, the following test was carried out. A t ooiiUge 
tulH\ operated hv an imhictiou coil, was so arraugei ® 

diret ! a beam of‘ X-rays into the ioni/utum ehamher. U e 

ifit**nsilv t>f tin* ^ 

of thi* g:ihntu»tiH'for, *\^ tin* giul of t h* e 

imnl honro rim eolUmtor ioni/juion ohninimr? miiM not 

isO tho I'lertromoior ni+'tiiou ut o 

5^.0ro roatlini* hv onrtfung th** cmlloetor oanirol l>e omp * 

hi! 4 tt ii«h to ohtuin a rtnoling tin* X*niy beam >o 

cut off, eithor l»y of a Insist ,'-hutror i>r hy enttiiig o 

rho coth ^ 

A of aluminium of various 

t\wn interposed between tbetiilmand tim ionisation ^ 
and, in eaeh the ratio of the galvanometer de exion 

with the ulumintnni in |HisiHom to the deflexion %viUi tne 
foil Ueam entering the ehamlmr, wa*« inensored. t was 
found that there wus a slight nnsteadsne^^s in the iiellexion^ 
due to the fact that the output of the tid>e was 
eonitanh Thisy however, was only of the order of p 
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positive)^ the deflexions doe to ionization enrrents, and those 
due bigh-freqneney surges picked np by the lead from the 
grid to the collector, are in oppc^ite directions, a fact which is 
nsefiil in deciding whether the amplifier is snflSciently well 
sereaiied or not. 

The effect of substituting a gas-tnbe supplied from the 
mmo coil for the OooHdge was next investigated* It vras 
found that the outpnt of the former was far too rariable to 
give a steady deflexion, flnctnatioiis of up to 100 per cant* 
being obtained* For work w ith such a tube some form of 
^‘iolegmtiiig*’indi<^ior, such as an insulated electrometer 
etc., is evidently preferable to the valve bridge* The latter, 
however, might he useful for demonstrating the variation in 
the output of a gas-tube. 

In the abo%e tests, while the X-rav tube was close (about 
i feet) to the valve bridge* and in tlie open, the induction 
coil was ^ev**nil feet away. It is possible that, if the latter 
were situated near the atii|difier, slight unsteadiness of the 
zero might be occasioned from the magnetic field of the coil, 
despite tli€* most careful screening. Fortamitelr, however, 
in most X-ray installations it does not matter where the coil 
or t ninsforiiier is situated* and it should not be diflieult to 
arrange that it is several feet from the amplifier* 


Photo-eleotrie Efect$. 

Tests were carried out to ascertain whether the amplifier 
was Miirable for meiisuring photo'-eleclric currents. As a 
rough f|ualiiative test* the apparatus and ionization chamber 
wa^ set up as previously descrilied, and a polished zinc plate 
attached to the collector of the chainl>er, the other electrode 
of the chamljer ladng, as before, maintained at a {lotential of 
plus 60 volte by connexion to the high tension battery suf>- 
plying the an^e currents. On allowing a l>eam of ultra¬ 
violet light from a inereury arc to enter the chamber, a 
large galvatiometer deflexion was obtained, showing that the 
amplifier tmn be used te demonstrate tlje phenomenon of 
photoelectric emission. 

For quantihitive tmts a {mfassiutn photo-electric cell was 
employed* The anode, or collector of t!ie cell, wm 
connected to one of the grids of the amplifier, and a suitable 
potential applied to the cathode from a separate battery, 
through a mfety resistant^* The cell was enclosed in a 
metal ease, which was connected to the sercening-^case of 
the amplifier, and aliKi to the guard-ring of the photo-electric 
cell* In this parMonlar mm the tettery supplying the 
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to tbe {>boto.ekefcric eall waa outaida the scraeoiag* 
If, bowoTer, troabla is asperiencad from high- 
freqoency aorgas in the laborab>rj, it might ba advisable 
to enclose it in the case also. 

Light from a 60*watt metal filament lamp was admitted 
to the celt through a narrow slit in the outer scraentng-caie. 
On gnidnally closing up the slit, by decreasing its length by 
means of a metal wedge phmed across it and plotting tbe 
observed galvanometer deflexion as a fniiction of the area of 
the slit remaining exposed, a curve was obtained which was 
practically a straight line, showing that the relation between 
the galvaiiotnetor deflexion and the current to the grid was 
approximately linear for small currents. This is the method 
of calibrating the scale referred to in the previous section. 

Using this simple apparatus, it %vas possible ro locate the 
positions of X-ray spectnil tines on a piiotogra(diic! negative 
hf moving the latter slowly across the slit and observing the 
galvanometer deflexion. I'his suggests that the amplifier, 
in conjunction with a comparatively low-sensitivity galvano¬ 
meter, may lie used with advantage to repiace the elec¬ 
trometer, or high-sensitivity galvanometer, usually employed 
for photometer work in eonttexion with photo-electric cells. 
The advantages to be gained in such a case are : (1) high 
insulation of the leaik etc. is iniiiecessary, (2) readings 
ooiitd probably betaken more quickly, ami (3) the amplifier 
is much more portai>!e and caster to set up tlian an 
okctroiactor. 

It should be observed, however, that with such an 
arrangement, in taking xcro rcjidings^ the grids (and hence 
the collectors ”) mu.st not be earthed. Inste^id, to obtain 
the aero reading the beam of light entering the cel! should 
be cut off by means of a sliutfer, as deserilicd in the previous 
section in connexion with X*rays. It is also ud^dstble, in 
choosing a galvanonieier for the bridge, to see that it has a 
fairly high damping factor, m this will tend to mask any 
slight unstoadinei^ of the xero. 

In conelosion, tbe writer desires to expre^ his sincere 
thanks to Dr. B. A. Owen for offering facilities for carrying 
on this inv^tigation at the Phvstcs Laboratory of the 
University College of North Wales, Bangor, and also for 
the valuable siiggestioiis made by hitii and his intoresi in the 
work. Forther, he wishes to record his thanks to the various 
resimrch students of the dejtarttncni for their assistance in 
carrying out teste of the amplifier with ihetr X-ray and 
photo-electric apparatui. 
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XXXIV* mt Aeliie Nitr^m. Aethuk Edwaeb 
Rhabk^ MMom Jnstkuis of InduMHal iUmarckf 

Unmersiiy 0 f Piit$burgh^ mtd Gnlf Oil Companies 

R ecently Okuto and Humsdat have pnblisbed a 
puper on s^aetra axeitad by active nitrogen when it 
eotaei in eontact with iiietallie vapours. Some of their 
resnltt do not agree with those previoosly obtained by Knark^ 
Foote, Endniek, and Clieiianlt J, and it seems of interest to 
eKamine the cansesof ibis discrepancy. Okiiboand Hmniada 
used a diseharge-tabe which they describe as being similar 
if* those used by Strutt and Fowler § and by Mnlliketi i* 
The pressure^range in which these tubes were operated is 
not stated, but It may he inferred that it was of the order of 
several tenths of a millimetre, since this is tl e pressure which 
ordinarily gives the hrighiesi afterglow* when the Geissler 
tube is used to produce active nitrogen. On the other band, 
Kuarky Foote, Kudnick, and Cheuawlt used an electrodeless 
ritig*discharge in a pi rex sphere about 30 cm. in diameter, 
l^cause this tlischarge can Im run at much lower pressures, 
of the order of ‘01 itim* (see p. 19 of our paperj. Under 
these conditioiis, with a pr^siire ten to thirty times smaller 
than that which gives the best results in the ordinarv 
disch«rge«»ttiW, secondary effects are minimised. It is felt 
that this difference of pressure explain^ why we recorded 
fewer lines of thallium than pkubo and Hamada, and that it 
accounts, at least in part, for the fact that we obtained only 
the resonance line of cadmium at 3261 A., and did not 
observe any spectral lines of sodium under the conditions 
described. 

Because of possible seeondaryeffccts in the discharge used 
by Okubo and Hamada. such as collisions of the second kind 
between metal atoms and excited nitrogen molecules, it 
seems reasonable to sny that their ol>sarvation of the lines 
t — 2 of inagnesium does not pmve conclusively that 
two electrons can be displaced simultaneously to higher 
energy levels by the primary process which gives rise to 
metallic s|)ectra at iiiitch low^er pressures. 

The writer and his colleagues recorded the mercury line 
2^Pi which has an excitation potential of 10*0 volte* 

On the other hand, Oknbo and Hamada state that they could 

* C^mmtniicatiNl bv Author, 
t Phil. Miur V. p. art (iggs). 
t J.O.S.A. it iiiT.p. 17 (1027), 

I 1^10. Roy. See. iitxxr. p. U77 (IHI1 ), «ad Ixxxvi. p. (1911). 

jf Phyt* Itev. xxxvi p, 1 and |in»vioits papers. 
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°iH ”pr^^'»« ‘“iJ3Tt7. 

, • „„«««! Kv the difference in nressnre, althongb u i» 
also 19 cansed by tn« a™eri^ -.nlination in the prwent 
difficnlt to construct a detailed expianaw v 

state of our knowledge. nitrcffen were observed in 

The second ^sitive bands of Hamada have 

some of oar ***?J*^°'^. *^ !fit ^av V» quwtioned whether 
doubted our results, stating - ,• pw ond perfectly cut 

U„ir »ctorod di.k. in«?.Hd. 

out the direct discharge or not. ^ sectored 

Careful tests were always ^ It was easy to attain 

dUto did cat oot Ih. iT “Sqaently it 

thi»<».id.t.o.. .ra<» th.d^^k^ in B.« to ten 

^^'nXnndi «.« never rnn fneter then on. revolnfon per 

“Otobo nnd H.n»d. mention the e^^._>en» 
fluorescence of metob plac 

has b^n ^;e8eenc8 of magnesium in active 

Im observed a of aciive nitrogen and 

nit^gen “ „£ glow was not nniform, and 

oxide or active nitrogen glow with a bright 

wtitefighJ^'Presumably they become incandescent, although 
this imnnotbe s^d f ‘that active nitrogen 

0mm its properties to P * iriob eollimions with ottii^r 

eitrogm. ’^'‘S^.XmrvTrln. of Urn h-t of 

rooleenles and atoms, exclu g . Various theories 

mwwirtion Whmb » , S,l,„ of tb. enciled 

“7,w "^U^v S “ortb w&to peinl oni Uiot . .tnd, of 

eatliuw. If ntay o* - -«rtw»ed nitrogen in the region 

**’h *a^wa^w^n lines of the neutral nitrogen atom he 
where the al^p«on tm presence of such atoms. 

to not. -ill'SS it to *• »«•»«“• »* 

mimpped vritb enitoWe .peotregrepbe. . . , , 

U ta . ptonr. to lh«k Mr. PbiUp Bndnick for help- 

fnl eommento. 

May 8,18^ 
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XXXV. 'rh£ Iitpre$eal4Jiiion of the ^imukUioH of 

the lieHtm bg C^oure. Bg Fbank Allen, Ph.D., LLJ},^ 
Profettor of Phjftiet^ and A. J. Fleming, M.A., Univereitg 
of Mamteba, Winrii/>eff, Canada *. 

f I^HE theory of colour vision formnlated by Yonng is 
X based upon ihe assaiiiptien of three I'nndaiuental 
colour sensations, red, green, and violet. later exp<Hienis 
of this theory, such as Maxwell, Helmholtz, Konig, ven Kries, 
HcDouji^ll. and Abney, have greatly expand^ its scope, and 
applied it with more or less success to the explanatimi of Ae 
enormously variwl phenomena of colour vision. All sup¬ 
porters of the trichromatic theory have agreed upon red and 

f reen as two of ihe primary sensations, but opinion has been 
iyided between blue and violet as the Hiird. The general 
principle of trichrotiiasy is obviously net disturbed by such 
a change, though it is of course important to discover which 
of the two colours elicits the sensation in qoMtion. 

Great and prolonged controversy has ensued ou the 
number as well as we precise designation of the funda¬ 
mental colour processes, and in paritcular many theorists 
have insisted upon the primary character of yellow and white. 
Indeed, some supporters of the tliree-components theory of 
Young, such as McDougalt, and to some extent Abney, have 
felt the necessity of recognizing white as a fundamental 
sensation, largely because a greater or less amount of white 
is invariably associated with all colour perceptions. 

If the judgment of consciousness alone is invoked, it would 
have to be admitted that the claims of yellow, blue, and white 
to equal recognition with red and green as primaiy sen¬ 
sations are welt founded. These claims, nowever, are 
disturbed, if not refuted, by the experiineutal evidence that 
has accumulated. The yellow colour, for example, may 
be nuktehed, exi^pt in saturation, by proper mixtures of 
spectral red and green lights. Experiment also has shown 
that spectral veliow will appear tinge! wirii red or green 
according qp the retma has previously been stimulated with 
green or red, respectively. As a sensation of yellow can 
adao be ohtuned from ^e mnocular mixture or fusion of red 
and grron, it is clear that yellow cannot be a simple funda- 
mentstl sensation. While' Edridge-Green has presented a 
long series of reasons favouring the primary character of 

* Coaunaaicated by tbe Authers. 

PhiL Mag, S. 7, Vol. 6. No. 35. AugvM 1928. 
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yellow, more formidable evidence against that view has been 
oolleot^ by McDoagall and by Parsons 

In the ease of white the evidence if also disturbing. 
White light may be dispersed into the spectral colonm, and 
the colours may in turn be re<Kitnbitied to give white. Not 
only is this trne for steady Hgbl, but it also occurs, as 
Newton originally showed t, in intermittent tllumination by 
the spectral colours in saccessioii, through the jiersistence 
of vision. Complementary colours also will give a white 
sensation devoid of any chromattc tinge. All colours, when 
excessively bright or verv dim, approach whiteness in 
appearance. Flashes of wfiite light may also give rise to 
chromatic effwts of various hues. 

In order to satisfy the claims of eofiaciottsness for the 
simple, and of experiment for the oomjKmnd nature of 
yellow and white, some w riters distinguish between psycho¬ 
logical and physiological primaries. Both colours would 
theretora be recognir.ed at once as psychologically simple 
and physiologically complex* Even should this dislinetion 
be admitted, the physiological complexity is of more funda¬ 
mental imfHirtauee and is far more, if not alone* susceptible 
-of laboratory investigation. 

To decide lietween blue and violet as the third primary 
itH’olves different considerations from those affecting yellow 
and white* Young $ originally assumed blue to l*e the third 
sensation, but subsequently chose violet in its place. Burch 
believed his experiments indicated l»oth colours to be priumry 
sensations, thus making four. In hts measurements to 
^Jetermine the sensation curves, Abney § used violet #‘xperi- 
fiientaily, and afterivards resolved ibis into red and blue 
comfionents. The investigations of one of the wTiters jj 
have clearly shown the blue of the S|>ectrttm to be a com¬ 
pound sensation and violet to be simple, lieasons will 
shortly be given whereby the confusion may be satisfactorily 
elucidated. 

Both Young and Helmholtx assumed that every colour 
stimuiaied the three primary sensations but in unequal 
amounts. The latter 1 represented bis assumption by the 
well^knowfi diagntm in fig. 1. 

• * Oaloar Vkioa,* tad «d. to. t3f6 $11. 

t Seg^d Bd*p. l^l aho. Am. Joum* Phyiad, Opiki, 

irol. vii. p. 440 (1920). 

I Parsoits, kfc. rs/. p. tOU. 

$ * lUnmiehem in Ootour Vmm,* pp. Sc *M0. 
jj AUea, Jours. Os. 8. A. Jt K. B. I. vdl, viL p, SM (10^). 

^ * Physiological Cities/ English «d. vtA ih y. i4A 
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Ahmy * ditseiitad in part from this a^nmptioii. The 
red/^ ha stimolatcm only the red seimiion in one part 

of the speetrtitn^ whilst the violet sttmtilates Wth the md and 
blaa* and not the green seni^tions. A green <^loiir not only 
stimnlates the green sensatiioii^ hot it stimnlates the red and 
Mae senmttons as well, as is shown in Helmheltz*s diagram/* 
The experiiiiental evidence addnced by Allen, however, 
clearly showed that stimnlation with all colonrs from the 
extreme rad to the extreme violet invariably inflnenc^ the 
three coloar sensations, 

Abney t represented his conclusions by a different type of 
diagram from that employed by Halmboltx, He used three 
parallel vertical Unas to represent the primary sensations, 
and a horiasmital line to represent e»|iial stimulation of 





ll#!in1iolti£V lepre^^'utioB of the iolaiir 

tha three stnisatiotis lo which, in conformity with his 
ineasu remalt is, th«« white sensation is due. 

A somewhat different graphical method has been used by 
the writers which smons to be very servic**uble in representing 
the fads of colour jierc«‘ptton. 

In fig* i A. the uetion of reil light upon the three sensations 
is shown by three nnecpial elevations, the highest represent¬ 
ing the retl, the next the green, and the lowest the violet 
seiisatiofu Tlie relati\e heights in this and the other 
diagrams, which represent relative degrees of excitation «nd 
not luminosities, are not drawn to any exact scale, though 
in many emses these muUi he obmined from the ordinates of 
the sensation curves of Kdiitg* Exner, and Abney. 

Thus from Abney^s ineasorements of the percentage 
coinpoidtion of upmtmm colours in terms of equal aiimulus 
of sensations to form white/* the exact smU of heights of 
the Mevatious mu be found for the part of the spectrum for 

e * 1l(»st«iurebes ia Cc^ur p. 0:11. 
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^hich bis measorements are given i“ 
rreen and Woe colours. In Ws 

fTviWt colour -425/* and afterwards reduced this to equi 

valant amoiittts of tod bloe^ 
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If now a drawit imraliei to tlio \mm mtn 

homht equal to the loweai elevatioti^ whicfa In this €mm is 
violet} it will represent equal degrees of stiimoiatioB of die 
three sensadonS} which cause the white i^iiiatioii assodb^t^ 
with the red colour^ by which the saturadou is reduced* 
A similar borboutal Hue dmwu at the height of the neat 
highest eleimtioU} die grmn, will represent eqiml mmmiM of 
stimutaHou of the red and green sensations, which will be 
perceived together as yellow. For according to the sensatiqn 
curves the interseodon of tho^ for red and grwn occurs 
between die wave-lengths "510 /a and *580 which is the 
narrow yellow regon of the speetram. This m^^ns that equal 
stimulation of the red and green sensations is the c^use of 
yellow. The remaining portion of the third elevation pro¬ 
jecting above the yellow level represente the colour |ierceived 

red* 

Thus the fier<^ption of red rests upon a stratum of yellow 
and a substratum of white. Tlie white dimiiiisbei the 
satuiwtioB} and the yellow confers on the red colour an 
orange tint. These recognised facte of colour vision, there¬ 
fore, are fully represented by this diagram. 

When the wave-length of the stimulus is shortened, the 
relative heights of the elevations are changed, both the violet 
and green lieing raised. The white and yellow levels will 
also be raised indicjiting the perception of a red colour with 
a fiiininishiug ^iuratioii and an increasing orange tint* As 
the wave-length of the stimulating colour is made still 
shorter, a colour will be found which will excite equally botii 
the red and green sensations. This may be represented hj 
fig. 2 B, where there is no projecting part of an elevation 
above the yellow level. Yellow wiil therefore be perceived 
mingled only with the ineviteible white. 

After the yellow }>oint of the specteum is passed, the 
colours will stiitmlate the gt^on sensation more than the red, 
as shown in fig, 2 C. As the red sensation is evok^ more 
than the violet, a yellow line can still be drawn. Green, 
therefore, is perceived itng^ /with a yellow hue, mingled 
with the unmturating white. 

As the wave-length of the colour stimulus beoimes 
shorter, ite eflf^ on the red ^nsation becomes less, while 
the violet is increasingly stimulated, A wave-lengtih 
will therefore be found which will give equality of stimu¬ 
lation of the red and violet sensations, with a preponderant 
of green which k represented in fig, 2 D. The stimulation 
of the violet and red sensations will give a purple colour 
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which, when mixed with a proper an^nnt of 
meutary greeUt appear white* Eviden whit*- 

occar/grSen will be perceived mixed only '***‘*^; 

Abney found this to be the case with the wave-length 

^^Traversing the spectmm still farther towards the more 
. bh. colour will be found *1»‘f.» 

the green and violet sensations eqoally wid the red to a 
smalfer extent. This is shown m fig. 2 E, and represent 
the perception of the cyan bine of the spectrnm. 

With the violet colour the relative stiinnlaUon of Uie 
three sensations Ls somewhat altered. Ihis is repre^n ^ 
in fie. 2F. In this case the red sensation is stimnlated 
much more than the green and therefore a purple Ime ^n 
be drawn representing a stratum 

the fundamental colonr is superposed. As violet is tb^ 
saturated of all the colours*, the grren elevation must be 
verv low and in consequence the white liiu^ must la? ter 
cloie to the base. The excess of the real fundamental 
sensation represented by the wrt of the violet 
above the purple level is not sufteiently powerful to do more 

whether blue or violet is the third primary sensation } roin 
consideration of this graphical metbotl ot representation «t 
the facts of colour vision, it oceurretl to the writers that the 
question could qnite readily l>e settled in the satisfactory 
way of reconciling l>oth points of view. . 

tn the more refrangible half of the sjm-tnim the colour 
changes from green to bine, then, at least in some eves, to a 
mncli deeper blue or indigo, and finally to violet. It seems 
probable that if onr sensations were only individually 
itimulated, the shortest visible wave-lengths would arouse 
onlv a sensation of still deeper blue instead of violet. These 
wavVlengths, however, possess the power of stimulating the 
red sensation as well as the deep blue, and hen<-e we perceive 
a mixture of the two as the violet colonr. which is repre¬ 
sented in fig. 2 F. As additional evidence for this statement, 
the experiments of one of the writers t have shown t hat the 
wave-I^th -410/* is quite as powerful tn enhancing the 
green and red sen^tions as yellow, which is folly seven 
Kttodr^i ttmm as bright* 

• Helmholt.. * rhyBwlmmXOp^m: 1^. 

t Allen, Journ. (>p- B. A* k K* B. I* rot ni. p» 
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Hoostam * quotes Prof* S* P. Tbotnpioti as sajing that 
indigo wans tnoro akin k> graon than to ^lolot/* and adds 
tliat *• in thb opinion, 1 think, everjona wUl wncnr*” 

In tasting tlta vision of a nntitfaar of obsarvars Monstonn 
found four who saw indigo as a special colour j ^ they all 
objaclad to the word indigo, and chose dark bine as a more 
suitable iiaina for the new eolonr; they all mU it mm more 
like blue than violet* They astiniated the boundary between 
it and bine at 4650 A* 0/' 

These considerations ap{)aar to Jnstify the conclusion that 
the third fuudainantal eolonr sensation is excited by the 
shortait visible wave*lengths at the violet and of the spec- 
tram, but that the deep f undanieotal blue which is evoked in 
normal ayes is masked by always being itiingled with a 
considerable portion of the more luminous red* 

In this coiifiexion it is important to note, according to 
Helmholix t, that when the part of the ultraviolet Sfiectrum, 
extending from the line I* to It (*3179/a), is rendered visible 
it is indigo-blue with low\ and bluisli-grey with higher^ 
intensities. 

Should this reasoning be correct it would appear to follow 
that if the rmi sensation t’ould be iiibibiteil from action 
the violet colour would then be |>erceived as a deep or a very 
dark blue. Possibly this might be accomplished by experi- 
iiietits involving fatigue of (he red sensatioiK or by intermittent 
stiiimtiitioii at such a rate that only the blue sensation would 
have time to he excireci Imleed, one of the writers, Allen, 
rtHxills that when experimenting on the critical frequency 
of dicker of the violet colour,a hriliiant dash of pure blue colour 
was sometimes visible for an instant as the sectored disk began 
to rotate, which quickly subsided into the norma! violet hue. 
This pheiiomeiiot} apjamrs to lie a combination of the pure 
blue sensation, exoitod l^eCore the red lieeoines active, with 
t!jc live-fold '"overshooting*^ or enhancement of its bright¬ 
ness that was shown to occur by Broca and Suker. 

A readier method of tiling this reasoning is afforded by 
the response of the colour blind to stimulation by violet* 
With this idea in view the recent book on 'Colour Blind¬ 
ness/^ by Dr* Mar^‘ Collins, was examined in the hope that 
observations covering this jmint had been made. This work 
contains tlie exc^ingly detoiled study of ten cases of eolonr 
blindness, concerning nine of which it is definitely stab^thai 

• * £%blaud Colour/up. 8 4 9. 

t ^ Optics’ I^. ed. voL ii. p. m. 
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violet was M or ^ 7 ohm 

it is reimrko.i that tiio tenth firsts 

when they were separately viewed. In one'^of 

of anomalous trichromatic vision were 
whom also matched violet with blue. It is 
on viewing eolottrs ^is person’s ey^ almos^romodwteiy 
becam* strongly and oven painfully fatigned. This conforms 
to thTswflin of Hoirenberg* that 
partly dni to the inhibition of the enhancing 
Spnlses, leaving the ilepressing impnl^ iith one 

simificant also that all the colonr-bhnd we 

iriokr as dark him, whieli is wbal 

w3 ocwJ shonid the mnch more luminous 
m to \^ excited. The excepaonal case matched violet 

"^^^nldfora’fnd cwiiplete is the evidence from ‘*“*J**J^ 
that the writers feel great con6dence 
third primary sensauon is a blue of a deej 

tlian anv found in the sp€K?trnm, and that i 1 ^ . 

short violet waves between the wave-leng h fJ'’** 
wnH of the snectrum. In tins manner, therefore, the ri 
<!l»1in» of .iolet aoJ bloo as llie ll.ira (iriiiiary toloiir wiisolioo 

”YtS;l.'SroWv.d .tat Wtao .ta in.an.i.v of .ta ^f C- 

tmm is verv high, onlv two colours, yellow and iib<e,are mn, 
which at st'iU higher'intensities aKo .hsnpi.eHr 
Tpectrum white in every part. The.se facts may U- thus 

”'^"„‘Sot£ra”!ro‘4. bvacr^io ~loo» 

•Hiis is due to a gradual approach towards equaliiv of •« *»«" 
of the stimnlns upon the red and green sensations. If, for 
"LmpK Ita ooIoS; i. rod, a£«r tta |.rim.n- 
excited to a certain degree, the green semwtion i tl 
stimulated disproportionately, with the ^ ilJrWne 

tbeorigioal red light becomes yellowjsh. lb* d^p Ww 

sensation wool.! aW be increasingly stironlated. The prt^ 
oortion of white ami yellow in the resulting sen^tioii won 
Sqaentiv 1* gm/ooHy increased. In the ’»«««?.*• Z***; 
condition wonld be represented by «ncre^»«« 
the violet and green elevatitms more rapidly than the red, 
ind 7hT white wd yellow levels in fig. 2 A would pro- 

* Jouni* Op. H. A. & R* I* P* 
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gressively be raised leaving the projecting part of the red 
continoaiiy smaller. 

In tlie same way the part of the spectram from some 
wave4mi^h in tfie green to the violet wonld gradnally be 
seen as mtte of diminishing «i.taration. In oUter words, 
under intense sttinnlation the epectrnm wonld gradually 
appear to be composed of bat two colours, yellow and blue, 
toe red, green, and violet having disappears *. With still 
mere intense stimnlation the yellow and blue colours will 
also disappear leaving only white; that is, the heights of the 
three elevations in the diagram would become equal and the 
white level would rise to their summits as in fig. 2 Q. When, 
<Mi the other hand, the intensity of stimulation is greatly 
reduced, the yellow and blue colours fir^t disappear leaving 
only the fundamental red, green, and violet. Ultimately 
ih<^ are equally stimulated, causing every colonr to appear 
white. This effect may be represented dmgraminaticaUy by 
greatly reducing the heights of the elevations in fig. 2 0, so 
titat the yellow and blue levels cannot be distingui^eii from 
the white with which they finally coincide. 

The peculiarities of colour perception in the peripheral 
regions of the retina have called forth for their explanation 
the theijry of atones, which is based upon the assnmptioii tliat 
the fundamental colour .sensations in the periphery differ 
from those in the centre. The analysis of colour perception 
is sufficiently involved already. To eoniplicate it still further 
by different hypothetical mechanisms m different parts of 
the retina can be justified only when every other explanation 
of the facts has failetl. Since nowhere on the peripliery do 
new colours unknown to central vision appear, it seems most 
reusoiiahle to conclnde that it is not>the fandamental sensa¬ 
tions that differ from sone to zone, hot their relative 
excitation.^ by the same sUmnlus. In the een're, red, for 
example, stimulates the red sensation in excess of the green 
and deep blue or violet; in the .so-called yellow-blite zone, 
red stiinnlates the green eensation equally with the red, 
just as it does in the centre with high intensities, and thus 
yellow and not red is perceived ; in the extreme peripberv 
the red .stiinnius excites the tltree sensations eipinlly ami 
rnnses a resultant sensation of white. Similarly with all 
■other colours, ext^pt that tlio more refrangible portion of 
the siwctrum exoit^ the deep blue and green sensations 
^uatiy, and finally all three. 

* River*, in .'diafer's ‘ Text Booh of Physiology,' voL ii. p. 1079. 
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This axplaBatioii of the diffaren^s between eaiitral and 
peripheral eoionr vision is eonfirtned by the of 

four colours*, whose hoes remain invariable^ ex^cept in 
satymlion, in wlmtever jmrt of the retina they are viewml. 
Sinc^, for example, in the jieriphery a considerable range of 
wavelengths will elicit the sensation of yallotv, the very 
narrow tmnd of wave-lengths in the spectrnm that excite 
yellow in central, can scarcely fail U> do the same in peri¬ 
pheral, vision* 

Despite the fact that the theory of xones has revived the 
sap(>ort of a number of eminent investigators tf the present 
writers are unable to see wherein the facts of peripheral 
vision are irreconcilable with the principles of the tricbro- 
matie theory of Young. 

The unequal boundaries of the retimil colour fields are 
simply the limits at which colours cease to stimulate one 
sensation in excess, and liegin tostimnlate two equally. Nor 
is there any reason to ex|>ect, on the trichromatic tln^orjv 
that the limits of such actions of one wave-length will coin¬ 
cide With those of another. As the relative degrees of 
excitation of the three sensations bv any stttmiius vary 
with the intensity of the colour, it would fodow that the 
boundaries of the colour-fields would not be the same for all 
brightnesses. 

When two colours fall sinmltaiiefnisiy ii{*oii the same 
retinal area, ibeir effects may also lie grajdiically represented. 
If, for example, the colours arc properly selected hues of red 
and green, the graphical representation is a eombinatioti of 
tigs, 2 A and 2 C, which %vtll give equal height# ol the re i 
and green elevations and a hi|pier violet elevation a*H well. 
The white level, consequentlv, will \m raised denoting a less 
Mturafed yellow than the yellow of the spectrum with which 
the colour mixture may be matched in hue. It follows, 
therefore, that in order to obtain a complete match laitweeii 
the coiiifjosite and s|mjtral yellowi, the latter must Im ttiixi^l 
with white light. Since stimulation with tw€» colour# will 
doubly affect the three srmsations there will always \m 
associated wdtli mixture# a larger pro|>ortioii of white light 
than with individual hues. Colour# foniuKl by iiiixttires will 
in continence always be paler than the spectral colours 
with whim they otherwise match. 

In order to obtain a sensation of white, the thrive primary 
^nimiioBi must be ^ually atimnlated. Since a stitgfe 

♦ ¥mtmm, ^ (kimt Ymm^^ faded, a. 76. 
t Uelaiiiellx, * Pbyitolcidail Ei^. ed, vol }L p. 461. 
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<^l0ur oaiinot do tlib at modemte at least two 

colours most be eboseiu Frotii the diagrams it k evident 
that the two eolotirs iimst be on the two sides of the green 
seiisaiioii. The eampleiiientarj of red^ for example, mn^t be 
cm|aible of raising the violet elevation to the same level as 
the others, and therefore it miiit have some Woe in it; that 
is, the complementary of red most be a bluish green. If the 
hoe of the colour of longer wave-length is changed to orange 
and yellow, the red and green elevations bt^me more 
nearly e(|oal in height, and in order to obtain an equal height 
of the violet elevation the wave-length of the second csolour 
most b^ome shorter, thus making the complementary a 
deejier blue. 

It is apparent from the diagrams that green cannot have a 
single spcM*tnil eoinpiementary, since no spectral colour can 
raise the red and violet elevations to the level of tlie green. 
This can only lie aeconiplisbed by a combination of red and 
blue or violet. The complementary of green is therefore 
purple. 

nelniboltij has thus summarised • the general effects 
obtained in colour mixtures. l^stly,^' he says, ** there is 
still to be considered the effect of mixing colours that are not 
complcmetitary. Concerning this matter the following rule 
may be given : When t%vo .simple colours are mixed that are 
not so far apart in the spectrum as compleitiantiiry colours, 
the mixture matches one of the intermediate colours in hue ; 
being more nearly white in proportion as the two compo¬ 
nents are farther apart, and more saturated the nearer they 
are together. On the other hand, the mixture of two colours 
that are farther apart than conipleinentary colours, gives a 
purple hue or a match with some colour comprised between 
one of the given colours and that end of the spectrum. In 
this ease the resultant hue is more saturated when the two 
eompowents are farther apart in the spectrum, and paler 
when they are nearer together; provided, of course, that the 
interval Itetween them always exceeds that of a jmir of 
comptementary colours* 

For instance, when red, whose complemeniar)* colour is 
greenisfa-biue, is mixed wi^ gteen, the result is a pale 
yellow, which for different pTOportions of the two coinpo- 
nents may pass eitiier through orange into red, or through 
greenish yellow into green« A mixture of orange and 
greenish yellow may also match pure yellow, but it is more 

e ^ Fky4ol^€id ed. vel. ii. p. liS, 
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saturateU than tWt prodoced by r^| 

otb«r hand, by mixing red and cyan-blne, we gf 

pnrpte-red); and by ohangmg the 

L can make this pink pass into red. or 

indigo-blne into cyan-bine. B«t red mixed with mdigo-blne 

or, fetter sail, with violet gives a satnrat^ the 

“Incidentally, too, it apmars ^ m th^ 

degree of saturation of the colours of the “ 

dilerent. Thus red mixed with green of equal 
gives a reddish orange; and videt mixed witl g 
equal brightness gives an indigo-blue 

the other hand, when equally saturated colours of the !Wim 
luminosity are mixed, the resultant com{muiid colour is about 
midway fetween the two compoiients. 

“No new colours are obtained ! 

simple or homogeneous colours. *'Lta ' 

colours is exhausted by mixing pmrs of simp e • y • 

of ^ther-vvav;* of different fr^uencies of 

after all a compiratively small nnmfer of J, 

stimulation of the organ ot vision which can fe retognueu 

as different colour sensations. * ,i;„«*«in* 

These results can readily fe interrwl from the *!»«»!*“"* 
which have been considereil. The threefold nature ot the 

resiionse of the visual nuichaiiism *‘X"ltoogan 

a saturated coloor-sensati»n exc-pt {uissibIv, as Mcltooga 
has pointed out, by subjecnve vision in the case of after 
imaees* With all colour imxlores the three pnmarj 
semStions must fe more ev.nlv sti.nulated than 
colours, and hence the white level «ill fe lugfer. or the 
saturation will be diiuinish<Hl. The lather 
sp^nira the two eom|»ouent cobnrs are, until ^ V _ 
coniptenwntarv, the more nearly equal must fe ****' “ 
lation of the tkree sensations, and in . onsequenee tfe leas the 
Stamtion. When the distance between the comiionente 
becomes sufficient, eipial stimulation of the ^nsations «'' *• 

tfe white level touches the tops of tfe elevations and be 
distiaetive hue of the mixture vanishes living only the 
Jhiie. When this complementary stage is passwl the two 
rater mnmUms, retl and violet, most fe stimulated more 
?fen rite g»ea7tf the components still rei^de from each 
other, witf the result that the hue 

mixture of these two. which is purple. Tfe intermediate 


* Bimm, kf. «t. f. 128 . 
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senHation. green, will be less and l^s excited tbe com- 
peneute get farther ajiart, the white level will fall, and 
tibe resultant hoe, as Helmbolte says, will appear more 

Tb# relative degrees of slamiilatioii of tbe seiisations 

aiust vary with the intensities of the components, and hence 
the spedtic r^ult* that Helmholts gives in the second para¬ 
graph of quotation can be fully accounted for and 

he S ^nti^ed by Helmholtz that violet mixed with 
green of equal brightness gives an indigo-blue cl<^ to v’lolet, 
may be thus represented. The relative excitations of the 
three sensations by violet are shown by theconunnoosline in 
fie H The violet, or raUier the fundamental deep blue 
setmOon, is stimulateti most, the red next, and the green 
least It will be recalled that Abney goes so far m to stete 
that the green sensation is not at all excited by violet. The 
most lumnous part of the violet colour is obvioushjhe red 
comriouent. Hence, if the green sen^tion be excii^ to the 
same degree as the red by the addition of green light, the 
effect of which is to bring the excitations up to the 
the dotted lines in the figure, the white level will touch the 
summits of the red and green elevations causing these hues 
to disappear, leaving only the real fundamental deep blue to 
be |jerc«ivea,as Helmholtz observed, with a small admixture 

*^m^nsitivity of the three primary sensations has been 
diown* to lie under the control of the efferent nervous 
Ivstem through visual sensory reflex actions, which result 
Som siution of the retina by all colours. By taking 
into acfsjunt these induced changes in sensitivity manv 
hitherto obscure phenomena of vision may be elucidated. 

The roost difficult problem in colour-vision h^ un¬ 
doubtedly been the explanation of the mutual modification 
of colours by simultaneous contrast. %e difficulty has 
been much increased by the discovery that binocular con¬ 
trast exhibits the same modifioitions of colour as are found 
in unioeular observations. When two patchra of colour fall 
upon contiguous retinal areas each apprars as if it ^re 
mixed with nearly the compleroentary of the other, lliat 
is. if green and yellow are the two cwitrasting colours, the 
yellow appears as if it were mixed with red, which is one oi 

• AUen,**^^! ^ Op. Sec. Am. voL 

tfi. p. I>83 (1923); aUo tML vdL xih. p. 383 (Iwio). 
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the component* of the pnrple complementory of gr^o, *tn^ 
ffrln wpentn m if it were mixed with bine which is the 
Hmnlemmtary of yellow. The two colour* thus wppear as 
« Zy TrTSov^lway fmm each other in the spectrum 
Hefinliolts believed tliat the effect was an illusion da« ^ 
systematic deception of the judgment. Henng considered 
tLt the assimilation of one reUnal substance on one part of 
Z retina under the influence, for example, of pwn ligb^ 

caused or facilitated the ppimsite f J 

the same substance in the adjoining regions. No i etbml 
Jtts suggested by which these opposing processes could thus 

Fig. 3. 



W bronaht into action, while the phenomena ot b nwnlar 
^Lirt^were ignored. The explanations provrde.1 by all 
of colour-vision, of which over sixty have been 
‘lSi^*1bave lien equally unsuccessful. The reflex theory 
if^of the writers affords a dear physiological ex- 
which rests not upon hypofliesia hut ujKm abundant 

**K5*l^SLttoo*drthe principle of reflex inductive action 
iolbe p^lmn o** confw** « indicat^l hy the aid of 


• Aiua ** On Beflex Vtoud SeBaadmi# and Coloat Chuitniat," Jour®, 
4>^8i^ABn^ril.p.918a« 
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tl)« dia^m in fig. 3. If two coaiignons }mtcbes of green 
and jdlow colours upon a neutral grey background be 
observed, a similar pattern will be formed upon the retina. 
Tlie dire<A action of tlte green light stimulus upon the three 
fundamental sensations r^, green, and violet is shown at the 
left of the diagram. Each primary sensation is stimulated 
to an amount represented by the relative heights of tiie 
elevations as shown by the continuous line. The efferent 
nervous impulses caused by the refi^x inductive action of 
the adjoining yellow light are represented by the arrows 
acting under the elevations, by which their sensitivities are 
increased. Since experiments show that the visual reflex 
actions elicited by a colour act upon all, but predominantly 
upon its complementary, sensations, the violet and green 
sensations, which together make blue, which is the comple¬ 
mentary of yellow, will be inneh enhanced in sensitivity. 
The direct action of the green light will thereby stiumlate 
them more than is nurinally the case. The degree of stiinu- 
latioii of the enhanced sensations may be denoted by the 
dotted line in the diagram. Blue will therefore be added to 
the green, thus modifying tluit colour by mixing it apparently 
with the complementary of yellow. 

Similarly, yellow directly stimulates the three sensations 
in the maimer indicted by the contiunoas line at the right 
side of the diagram. The reflex action of green enhances 
preilominantly the complementary re<l and blue (purple) 
sensations, of which red is visually the more prominent. 
The yellow colour therefore stimulates the red sensation 
more than normally, as indicated by the dotted line, thereby 
causing yellow to liecome orange in appearance. 

Thus by contrast green appears bluer and yellow more 
orange than they will ordinarily ap{»ear : or, in other words, 
they will a^nme the appearance of colours situated farther 
away from each other in the spectrum. As reflex inductive 
actions are not confined to one sensation but extend in 
varying degrees to all, the contrast modification will not be 
exactly, but only predominantly, the mixture of green and 
yellow with their complmnentaries. 

As the reflex actions are Iransfenred from one eye to the 
other with precisely the same effects, the explanation ala) 
holds for binocular contrast. In both cases the contrast 
effect will be seen as quickly as the ocular nervous mechanism 
can act. 
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XXXVI. Phot&^eark Thre$hdd$ of PtOasnum. 

By Miss Jessw Bcsttebwokth, S.Se.* ^ 

U NFORTUKATBLY, in plotting the graphs of log ^ 

against ^ and in nompnting the thresholds, in my 

reeenav-pnblished paper t, centigrade temperatnres wro 
inadvertently used instead of absolute tem^rewi^. «ie 
re-calculated threshold.** are 7100 A.U. and 21,000 
with a somewhat doubtful indication of a raresbold^ at 
10,000, A.U., and they are independent of the numerical 

value of n in log »t any rate, in the range of value.s 

^Sr”eliiriroeots have recently been reneat^ with a 

tube whicli wa. lined with a thick silver film, 

reduction of silver nitrate. The film was in conteot with 

one of the electrodes, and the potasaiara was de|.^it^ on it. 

This form of apparatus made it possible to verily that any 

positive emission from the glowing platinum 

^11 to lie detected by the galvanometer, lb* curve 

obtained hy plotting log ^ agam« f was very similar to 

the earlier one, and yielded the values X « OfitHl A U. and 
Xsr-^0000 A.D. the highest temperature reached was 
unfortunately too low to bring out the threshold, which 
probably exists at about 7100 A.U. 


'W1£ VTT T%e Powet Ktlatton of tht Inltnntift of ihf lAnft 
^cUaiion of M^ury. By R. W. WooP^ 

aiui B. GATtOLAj. 

I s previous work on the optical excitation of mercmv bv 
^ of 08 L R observed that the line 3fi^ of 
mercury bidiaved in a quite way. Its rektive 

il^SSsitv with regard to 3654 or 3663, for instance, could be 

• CkuBBionkated by ^dsoa, b.K-H. 

I R W. Weed, Pfiih Mag., Oct. 19», Sept 19S7, 
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excitiitian, bat it was dtflSealt to reproduce at will a giveu 
ratio the iutenaities* It wm Couud, £or example, that the 
applhmtioti a iuagaetic field to the excitifig lamp, to avoid 
reversal of the arc lines, increased the intensities of all of 
the lines of the opticaliv^excited spectrum, but especially the 
line 3t>5tl. The ineretnents of the lines due to the pressing 
of the arc discharge against tlie wall of the quartz tube by 
the magnet were: 

Line i537, four*foMj lines 3654, 3663, 5461^ etc*^ 
eight-fold ; line 36M, sixteen-fold 

In the paper above referred to it was pointed out that the 
anomalous beha^our of 3650 was probably due to the fact 
that the line uppers in fluorescence as the result of ttinse 
successive absorption acts* Its intensity must then bo 
proportional to the product of the intensities of the three 
exciting lines producing it, the al^orption of which originates 
3650. If the ratio of the intensities of the lines in the arc 
is constant, the product of the intensity of three arc lin<^ is 
profiortional to the cube of the arc intensity. 3650 should 
\"ary then with the cube of the intensity of the exciting 
light. On the other hand, nearly all of the other lines that 
appear in fluorescent^ are originated by two sueeei^ive 
al>sorf>iioiis. Their intensity must then be proportional to 
the square of the intensity of the arc. And finally the 
intensity of the resonance line ^537 should vary directlj 
with the intensity of the arc. This prediction has now been 
proved quantitatively in the course of the present work. 

To observe the changes of the intensity of the diffisrent 
fluorescent lines as a function of the intensity of tihe arc 
exciting it, it was necessary to avoid the presence of foreign 
gases in the resonance tube, which have been found to 
influence the relative Intensity of the lines. For that r^son^ 
the measurements were made while the resonance tube was 
in communication with the pump, so that only mercury 
vapour at room temperature was present. 

it was neee^ry to vary the intensity of the exciting light 
in a known amount, and in die mmet amount for all of the 
lines of the arc. Absorption filters cannot be placed between 
the arc and the tube because all filters absorb selectively. 

One might vary the distance of the arc from the resonance 
tube, but in the case of a long narrow source of light in close 
proximi^ to the tube it is not easy to calculate the reductiom 
accomplished in this way. 

♦ R. W. Wood, Mag, Oei ms, p. 784. 

Phil May. 7. VoL 6. No. 35, Auyu^ 1928. 2 A 
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!I%e rotating teeior cannot b« used, as nrss pointed ont in 
the earlier paper, since there is no actual redaction of the 
ligbt4atensitj, except as integrated over time. A fine-wire 
gauze, used as a filter, acoom|>Iitiies tlie desired r^ult, 
however, since it is non.4elective in its action. We employed 
a sheet of gauze which reduced the intensity of the light to 
one*fifth of its original value. The ^nze can be employed 
«Dly under such conditions that the iilumination prwuced 
^hiad it is uniform, t. e. not with a point-source, in which 
ease the field would be bright, but traversed by dark lines 
(the shadows of the wires). If the gauze is placed between 
the resonance tube and the spectroscope, all lines will l)e 
reduced to one-fifth of their original intensity; if placed 
between the arc and the tube, lines varying as the square of 


Fig.l. I 



the intensity of the exciting light will l>e reduced to 1/25, 
and lin^ varying as the cube to 1/125 of their original value. 

It was found that, if the gauze was held ^tween the eye 
and the prism at the top of the resonance tnlie, the green 
finorescence was still fairly bright (rednctKl to 1/5), while, 
if tiio ganzo was held between the arc and tite resonance 
tube, practically no flnorescence was to he seen (redneed to 
1/25). When this method was applied with the spectro¬ 
graph, we found, as was to be expected, that the lines 36.5© 
and 3031 (three-stage absorption processes) were reduced to 
1/135 of their initial value. 

Method of Meaturinff and Remit*. 

Pig. 1 shows the experimental arrangement. An image 
of the crossHMCtion of the resonance to be was tiirown upon 
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the slit of a large qaartz spectrograph by an achromatic 
quartz fluorite lens of 43-cm. focal distance. A photograph 
of about 20 minutes* exposure was taken, while a fine tmpper 
gauze that reduced the intensity of the arc 5 to 6 times 
was placed between the are and the tube. On Ae same 
plate a series of exposures of increasing duration was tiien 
taken while the wire ^uze was removed. By matching the 
photographs of the same line on the plate, with and wiuiout 
gauze, and noticing the corresponding times of exposure, 
one could calculate the decrmse due to the gauze for each 
line. The following table gives the results obtained by using 
diffisrent gauzes and in different positions. The first column 
gives the number of times that 3650 decreases If the gauzes 
are introduced. The third column gives the same for 3654, 
which was selected on account of its cl<»e proximity to 3650, 
but any other of the lines that appear, as a result of two 
successive absorptions, could have Wen used as well. The 
second and the fourtti column give the cube root of the 
decrease of 3650 and the square root of the decrease of 3654 
respectively. If 36.50 changes with the third power of the 
arc intensity, and 3654 with the second power, the numbers 
ill the second and fourth columns sbonld lie equal and express 
the change of intensity of the exciting light. We see that 
the agreement is quite satisfactory. 
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The second and fourth columns of the table give at the 
same time the decrease that one should expect for the 
resonance line 2537. We convinced ourselves that 2537 
changed apparently with the first power of the arc intensity; 
but accurate measorettientii were not made, bemuse that line 
is very easily absorbed in tlie air of the room if especial care 
is not taken in keeping it free from mercury vapour. 

Summing up, we can say that the intensities of the lines 
that appear in fiuorescence are proportional to the square of 
the arc intensity, witit the exception of 3650 and 3021, that 
change with the third power, and of 2537 and 2656 (forbidden 

2A2 
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line 2*^1'S8}, that increase with the first power of th« 
exciting light. 

We saw at the beginning that Wood bad fonnd that the 
application of a magnet to the arc increawd 2537 four times, 
3654 eight times, and 3650 sixteen times. It is now possible 
to explain tiuMte <dianges. The foor-fold increase of 2537 
shows that the rererml of that line in the arc has been 
reduced by the magnet so as to increase four times the 
intensity of the core of the line. Only the core of the line 
is ateorbed by the vapour at room temperature. This increase 
of 2537 brings four times as many atoms to the level 2*pj. 
3%e line 3654 appears when no foreign gas^ are present, 
mainly as a resnlt of the absorption of 3125. The fact tbat 
3654 increases not only four times but eight shows that the 
intensity in the core of 3125 has b(»n increased two times 
by the magnet. The same is true for 3650. Tlie reversal 
of 3125 and 3650 in the arc without the magnetic field seems, 
then, to be abont half as strong as the reversal of tbe 
resonance line 2537. This result is quite plausible. 


XXXVIII. .1 Sturpesteti XSetkml for extending Mirroimpie 
JtiitolMtion into tftr Ultra~Jtficrmeopic lirtnou, fip E. H. 
Hysgx*. 

I T is generally accepted as an axiom of microscopy that 
the only way to extend resolving-power lies in the 
e^loyment of light of smaller wave.le(tgtfas. Practtotl 
dimentties, however, ra]>tdly accnmnlate as light of iitcreaii> 
ingty small wave-lengtli i.s brought into service, and prol»abIy 
Httle hope is entertained of arriving at a resolution much 
beyond •! /*, with, perhaps, ‘05#* as an extreme limit. 

Yet a method offers itself which lies a little outside the 
beaten track of microscopic work and rai.*M» vaHotts technical 
problems of a new kind, but which makes tbe attainment of 
a reeoltttien of *01 /*, and even beyond, depends! upon a 
technical accomplishment which does not seem impnmtieatbie 
at preeeRi. Tbe idea of the meihoil is exce^ingly simple, 
and it has been snggMted to me by a distinpndbed phyndst 
tiiai it would be of advantage to givn it noblicity, even 
thengh 1 was nnahle to develop it in more than an abstract 
way. 


Oomamalested tiy the Authm-. 
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I pro|K>se, tbereEor«, to give a sketch of the method in 
principle, and will add something regarding the technical 
difficulties which seem to await the experimenter. Here, 
too, I only propose to deal with the principles involved in 
the various difficulties, and it most, of course, lie with tite 
pra«*.tical experimenter to sa^ whether the suggestions I can 
offer really contain the solutions of the diffiemties. 

We shall suppose that a stained biological section, ero> 
bedded in an ordinary medium, such as Canadian balsam, is 
attached to a microscope slide in the usual way, but not 
protected by any cover-glass. The exposed surface of this 
section is ground so that, over a small area, its divergence 
from a true plane does not anywhere exceed a fraction of 
10“* cm. The preparation of such a surface on Ihe section 
is one of the technical difficult!^ which will be considered 
later 

We shall suppose, also, that a minute apertnre, whose 
dkinetor is approximately 10"* cm., has been constructed in 
an opaque plate or film and that this is illnininated inteiuely 
from below, and is placed immediately beneath the exp<»ed 
side of the biological section, so that the distance of the 
minnte hole from the section is a fraction of 10"* cm. The 
light from the hole, after passing through the section, is 
focussed through a microscope upon a photo-electric cell, 
whose ctirrent m^sures the light transmitted. The section 
is moved in its plane with increments of motion of 10~*cm., 
so as to plot out an area, the intensity of the light-source 
being kept constant. The different opacities of the various 
elementary (xirtions of the section, wiiicb pass in succession 
across the hole, produce correspondingly different currents 
in the cell. These are amplified and determine the intensity 
of another light-sonrce, which builds up a picture of the 
section, as in telephotography, n^n a moving photographic 
plate, the motion of the photographic plate l>eing synchronized 
with that of the section. One would most simply plot out a 
square area of the section, with a side of, say, p in length, 
by passing up and down in successive strips 10"® cm. wide. 

If it {troved more convenient, the relative positions of the 
section and the plate containing the hole might be reversed, 
and the latter placed between the section and the objective 
of the microscope ; but, in any esse, it is essential that the 
hole and the exposeil surface of the section should be as 
close to one another as possible. In the arrangement first 
described the section is, of course, beneath the glass slide to_^ 
which it is attached. 

This description will suffioieniiy indicate the principle of 
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aie method. It rem^B to 

tocbnical diflicultie*. These seem to be four in number 

(1) The source of illumination, which must be of %'ery 
irreat intensity. 

Tlin tuakino^ of s«nali adiustnients of order 10 f«»*» 

which wo^w L requiJ m the vertical n^ust- 
ments of the section and the onaque 
making of regular incraments of motion of 10 cm. 
rthe^nhine of the section, the conditions in both 
Z^ hZl Bloh that friction cannot be entirely 

eliminated. , .... 

(3) The planing of the biological section so that it 

^ ^ a surface which does not diverge from a pla«e b> 
more than a fraction of 10 ‘ cm. 

(4) The construction, in an opaque plate or him, of a hoi 
wliOJi© diameter is of the order li 

(11 The source of illuommthu.^An ordinary ^rbo» arc 

te'^Suirmj^ire a Ugl^ o^ 

♦a of ail arc* ffiiclosod in a » i r 

times a.s oreat as an ordinary arc, using a prea-jureof t ) 

^ I flid* *itlvatila*^c*t^ ot nrotluctHi ia 

sr«.r.rr:r;„ tz r,,po»r 1 , 1 .%.-. 

For tho'vory Iiisti umHontore viH mo^ ‘i‘|’r"b«“'" li. 
mum of tlie spectrum do%vn toward-, the b • 
photi^lectric effoid of the light is gr^t*^*- 

Whether the method has yet l^« eoiint m. it, 

miM&B Bat it switis c«?rtatii tliat w* can » 

requiring only technical iniprovenients, to be available tor 

the method of microscopy sngg^ted- •, ,r li.rht 

It is of course, essential that the inUmsity of the Itg t 

r^ching the section shall l*e kept V**”***?”^ " 

AT«.«f4n^t wliich might last two or three hours. \ arioiis 
-oo*d «cl.ro Ihu. ood I nood oo. «»...der 

the qaei^on here. 

( 2 ) Tlie makinocf rer, fnudl 

bility of eliminating friction rem i s . • t 

impnicticable. and the v LT ,, ,e^ 

itself to me was a differential screw liaviiig .in i .vceeiimgiy 
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small differsnea between tba pitdbes of tibe twa iiBte. If the 
pitch of ona nat ware 1 mm. and of the other ^5 inch, Aa 
saraw wonld adTanca *016 mm. for each tern of the screw- 
head, and a worm and clicking spring arrangement, giving 
one click for »ch of a rotation of the screw-head, 

would give increments of motion, of sufficient regularity, of 
10’* cm. each. I do not know whether the metric and inch 
units have ever been put together in this way, but 1 have 
been informed by a well-known 6 rm of instrument makers 
that they could construct such a screw without difficulty. 

For adjustments of the order of lO^'^cm., pitches of |mm. 
and or batter inch, would probably be sdvlmhh. 

All parts of the instrument, where practicable, would be 
constructed of Invar, pieces being selected, if possible, with 
a ZBTO coefficient of expansion. 

(3} The planing oft/ie biological ieciion^ —^Plates of quarts 
glass can l^e ground, polished, and tested in pairs by means 
of interference fringes until the surfeice of each shows a 
divergeju*e from a true plane of less than ^i^of a wave¬ 
length. Disks of 2o centimetres in diameter, of this degree 
of accuracy, were prepare 4 l by ibe U.S. Bureau of Standards 
in 1927, If ultra-violet light vrere used for tbe interference 
tests the practicable limit of accuracy would seem to be 
al)out 2 X 10 ^^ cm. 

For obvious reasons, one could not apply such a method 
to prcaiuee a correspondingly plane surface on a biologitml 
section. But it seems fmssible to use plates ot glass prepared 
in this way, which need not of course be as large as those 
mentioned, as the points of departure for a grinding device 
u Inch should prodnee similar surfaces on a biological section 
embedfled in any ordinary medium. 

In principle ilie problem will be solved if we can construct 
a plate covered with emery grains, fixed in cement, in such 
a way that the summits of all the grains lie in tbe same 
plane, or do not rise above it by more than a fraction of 
10 ^* cm. in any case. 

If w'e have such a plate and can move it in various 
directions in its plane, the emery grains will grind away 
any surface on which they impinge to a corresponding 
planarity* In fact, if we curry on the process for a long 
enough time, provided the emery grains do not break down, 
an even higher degree of planarity should l>e attainable ill 
the section. 

As regards the movement of the emery plate in the planOj^ 
it would probably be best that it should roll upon smalt 



360 Mr. £. A. Synge oh a Method 

quartz spheres, which bad themselves been greund and 
tested by interference fringes to a similar degree of accaraoy 
—that is, to a fraction of 10~* cm. The total inaccuracy 
might then be about 10' * cm., but even so, if the process is 
carried on for long enough, a j^anarity to within a fraction 
of lO"* cm, should be attoinable in the section. 

To prepare a grinding plate of this kind, it s^ms possible 
to make use of a glass plate which is accurately plane to 
within a fraction of 10“' cm. If we take such a glass plate 
and, keeping it parallel to the base-plane of the emery plate, 
press it down very gently upon the emery particles before 
the cement hardens, their summits, if tliev do not pierce the 
glass, will He in a plane to the required degree of aecuracy. 
It would seem necessary to find a cement which does not 
alter its volume upon setting, and it might be advisable to 
use a plane plate eoiistrncted of a harder substance than 
glass, if it should be found diiSicnlt to avoid the emery 
particles piercing the glass. One would use only fine grains 
of emery, averaging, say, 5/* in diameter, and a.s it would 
only lie necessary to grind away very small thicknesses of 
the comparatively soft material usetl in embedding the 
biological section, there should Ik* little or n© breakingAlown 
of the emery [mints. 

(4) The cmulrwelion of a hole of approximate litameter 
10"* cm. —One finds boles in cheiiiicaHy depositeil films of 
silver on glass, which approach this size, ami thes<* seem to 
indicate the way in which the [•robleiii may la* dealt with. 
In the case of such films of silver the boles are presumably 
doe to the presence, on the surface of the gla-s-s, of colloid 
particles of substances on which deposition of the silver does 
not take place. The extreme fragility of these .siher films 
and the difficnlty of cleaning them would, however, make 
them liardly suitable for the pur[>oses itt view, although it 
might be possible to use tliew. 

When one turns to tlia question of employing films of 
more resistant inetaLs sputteredin vacuani-tuiies, it 
appeata that minute holes do not here [tresent thetnseives in 
ibe same way. The caHbodo particles, in fact, will not 
select their target, hut will cover everything equally. We 
may suppmss a number of colloid ;«rUcles of some trans- 
(Kirmt substance, averaging 10~^ cm. in diameter, to be 
.«(prtnk}ed on a plane glass slide, and tliat a 8tu>, about 
10“* cm. in thi<4ness, of some metal with a high opacity, 
is tdie^i spotterwl on the slide. Bach of tbs transfwrent 
particles will he represented by a little monticie of tlie 
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metal, rising about 10~* cm. above the general level of the 
film surface, ami to obtain the holes which we require it will 
be necessary that we should plane down tiiese little monticles. 
Hare the method which has been proposed above for planing 
the biological sections seems to be again available. In fact, 
the difierential screws shonid make it possible to approach 
the spattered slide to the emery plate by stages of about 
10"’ cm., and thus to plane down the monticles by successive 
thicknesses of similar amount. As we proceed in this way 
the larger of the transparent particles will be first exposed 
aud these wilt provide us with holes whose advantages will 
depend upon the shapes of tie particular parrides. A 
particle which is pyramidal in form, or which consists of a 
congery of smaller particles forming a little pyramid, will 
obviously be the most suitable if the opacity of the film is 
suflScient. 

The thickness of the film has been a.ssuined to be 10~®cm., 
and in tbe case of a metal as opaque as silver this should be 
just sufficient to allow of a hole 10-® cm. in dianseter l>eing 
used. The light coming through a email area of the film 
around the hole will, of course, come to the same focus as 
the light which actually passes through the hole, sind it will 
therefore be an advantage that the film sliould be sufficiently 
thick to make this accessory light of little consequence, 
fltherwi.oe we should have to use a very high-power objective 
{so as to rodnee tins area), and this would have various in- 
oonveniences. If the film were 2 x 10“* cm. thick we could 
disregard this accessory light to a large extent in ilie case 
of silver films. But in tins <ase we should have to use 
larger transparent particles, and to obtain boles of diameter 
10~* cm. we should be dependent upon pyramidal j^rticles. 
Since, however, some thousands, or even millions, of trans¬ 
parent particles might well 1» deposited on riie slide 
initially, there would be no lack of holes to choose from, and 
if even a very small proportion of the particles or congeries 
were pyramidal, our requirements would be satisfied. 

The final limitations of the method seem, indeetl,to depend 
solely upon the liinitatioiis to the opacity of the films for 
light of various wave-lengths. For a film having tbe ojmeity 
of silver with respect to ordinary light, the practicable linnt 
of resolution would s<^i to be about *005^ or *004/i where 
a pyramid occurred in the most favourable configuration.^ 

Since this degree of resolution should brii«g all living 
organisms within ottr scope an attempt to overcome the 
tedinical difficulties would seem to be justified. It appears 
to me, indeed, that most of these difficulties are reducible to 
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question of sufficient funiis. The most formidable, apart 
from snch considerations, might be the preparation of the 
plate of emery grains. 

xVote.—So mneh depends on the attainment of absolnteljr 
true snrfaci^ that it seems worth suggesting u method for 
testing these, which would make a still higher degree of 
accuracy possible than by the use of interference fringes. 

If total reflesion is taking place at a surface, and if auotlier 
surffice is hrougfat sufficiently close to it (i. r., a distance 
from it of the order of a w'ave-length), the reflexion ceases 
to be total, a sensible part of the light passing through the 
second surface. The intensity of this transmitted l>eam is 
derivable, in the case of grazing incidence, from the 

expression e~**'^“*~* ■*, and since a change of intensity of 
one part in a thousand is uieasurabiC by photo-«lc*:tric 
apparatus, a difference of less than 10"* cm., or even 
10"® cm., ill the distance lietwoen two parallel surfaces 
should be measurable, provided, of course, that they are 
sufficiently close together. Au ordinary reflectetl l>eanj 
would probably serve as well as one within the angle of 
total reflexion (although the formula would not lie the same), 
and it would be much more convenient to work with. By 
making a constant Warn of light travel systematically, at a 
comtant angle, over the two plates, when placed parallel a 
fraction of a wave-length apart, a picture might Iw built up 
autouiatit^lly in a few minutes, as in telephotography, the 
reflected beam afi’ecting a photographic plate directly or 
through the inediani of a pboto-elwtric cell. The ridativti 
intensities of shade in this photograph would obviously 
imlicate the relative distances apart of the plates, since 
different intensities in the reflected beam corresjamfl to 
differences in these distances. If an apparatn- for proiJocing 
this kind of chart were |ierfected—and it seems to present 
no difficulties—the production of quartz plates and spheres 
to an accuracy of 10"^ cm. could be placed u|)Onacouiiiiei ciiil 
liasts, and this should make the whole microscopic apparatu.s 
a practicable instrument of the lalmratory as far as ex{*e!ise 
was ooneernetl. 

An adaptation of the first part of the idea in this not ,♦ 
would also serve for estimating the distunn' of the section 
from the opaque plate, as they come very close together, 

Vahlia, 

May im, 
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der PhysUcaluclien Chemie^ von Dr. Xael Jkllinek. 
film/ Biimie. Mrsikr Band : Grundprinzipien der Physikalischen 
Chemu. Me Lehre mn Flmden Aggregatzuetand reiner Btoffe, 
voUstdmlig umgenrbeitete Anfiage. [Pp. mit 

162 Taliellen and .•137Textubbilduiigeii.j {Stuttgart: Ferdinand 
Euke, 1928. Prek, geh. M.82; gab. Mm) 

T he drat aditioti of thi« voluino appeared in 1914, sbortlj 
before the outbreak of war. The wmplete work was plann^ 
tn four irolumc^, but owing totheoondttions resulting from the war 
it was not found possible to publish the last two volume. The 
two volumes wbkh were publish^ hare been oat of print forirane 
time and a new edition has b^jonie necessary. At the same time 
the u'hole w ork has been replanned and is to appear in fi%‘e volume; 
the extenshe recent developments in atomic theory, theories of 
crystal structure, quantum theory, relativity, etc., having 
nec^sitaled increasing the ske of the w^ork. Not only so, but 
judging by the sia^e of the first volume, the size of the volume 
themselves will be increa^d. The second ^ition of Vol. I. con¬ 
tains 234 pages more than the first volume. This is duo in ^rt 
to th€i rapid growth of the subject—the volume cK>vers the 
literature up to the end of 1926 —and in part to the tmnsference 
of a certain amount of material dealing w ith the fluid state fr«>m 
VoL If. to VoL I., so that the whole of the material cooeerniiig the 
fluid state is no\%‘ contained in the one volume. 

The author’s summary of the contents of this volume is as 
follows: -« 

** Allgeiiieinsti* Gesetz des Stoffes uiid der Energie. Dis 
I^hre voni fluiden Aggregatzusland roiner 8toffe (j^nz 
verdiinnt^* Gase, massiig verdiinnie Gase, verdiehtete (lase, 
Fliissigkeiteii), experimanteU, thermodynaiinsch und kmatiseh 
hehandelt.^" 

Akhou:;!i it would not W possible to summarise the contents 
more briefly y et precisely, this description does not com ey an idi^ 
of the eoiuprehetisiveness with w*hich the work has been pianni*d 
both from the theoretical and from the pmetical viewpoints. 
Mathciiiaties is not avoided where inN^essary: for tboi^ who can 
appreciate it, it is there; thoi^ who cannot must ^cept the 
forniuhe which am proved. Full descriptions of experimental 
methods and apparatus are given. Beferern^s to the literature of 
the subject are included thi^ughout, and detailed author and 
subject indexes amounting to ^ pnges make it easy to obtain 
information on any particular point w hicli is dealt with in the 
volume. 

Because of its completeness and detail^ treatment and iu spite 
of—or perhapi also bacaiise of“its size, the volume is one which 
no physical cliemist mn affoid not to have available for retei^iu^ 
purpoi^s^ 



364 S0iices resfpectbuf Setc 

The Jii^ 0 t Om^Tar Hytirumrimie. By AJKTjBVE ETBB»rr, 

Ph.D.t F.I.C. Pp. xtii+ii34, (L^tadcm: l^tigmaiis, 
Oraea ife Co^ 1927. Price 18^. act.) 

Turn ifaport^mee Qt the derivatue# of hydrowl^tts, as a 

source of synth^tie ooloartng aiatters and beimnso of the thei^ 
jN^ntio value of some of them, ha# resulted in extensile iiivesti* 
gattons and an immense mmm of liten^nm M<mt attention ha# 
been given to the derivatives of beiiaene, toluene, xyJcne, naphtha* 
line, and anthraetne* Cknnpar^tvely little work has so far been 
done on the higher ei^*tar hydrocarbons, and they offer a wide 
ield for careful systeuiafic research. The volume under review 
is oom^rned very largely urith three groups of the h%ber hydro¬ 
carbons, the aeenaphthene group, the fluorene group, ai*d the 
pheuanthrene group. These groups have not tip to the present 
yielded many derivatives which are of eommeretal imfiortanee as 
a soufTO of colours and intemitMliatt^. l*he aim of the author 
has been to collate the known fact# conoerntiig them group in 
the hop that the many riigin Helds for ran^rch which they offer 
may stiiinilate systematic work in them. 

Sptetemeap*,. By B. C. C. Batv, CJI.E., M.Se., F Third 
Edition, (In four volumes.i Vc4. 111. fpp. with 

pist^ and CH> figures.] (Ijondoii: Longmans, Oreen Co., 
1927. Price 22s. net.) 

Tub third of the four volumes into which the third «*ditiou of 
Prof. Baly*s text-hook on spi^*tro#-copy is divided is conm^rned 
mainly with those development# of the subject which are the more 
immediate results of Bohr » theory. The of the v%dume im a 
testimony to the remarkaWe de^eloomeio^^ in spetrtfeu^opy wtiluii 
recent years. JSpectrt^scopi^ts. both practical and theoretieah are 
under a debt of gratitude to Proi. IhiJy for the Jefailed <ie#crip« 
tionsof exprimetital ivork and the tmmerou# tahies of ex| critneiital 
result# which are given in the \olatBi*. But ahltougb the praciicml 
aap^tof the subject predoiniiiafes,the principl adtaiiecs in aiomic 
thi^fy are adequately descrilied. 

The volume t# diiidrd into four fdiaptem of which the fml, on 
iwiea of lines in sfn^tra, fills more than half th# t»ital ttiimber 
of pges. It contains an acwuiit of the ^rly work of Jfydberg. 
Kayaer and Eunge, Paschen and liitx, of BohFs Ibeory and of the 
sutei^iient developments, leadtug un to titodern work on mnmf 
tbs sel^ion pritidpje, douMets ana mnltipli^, etc, A smnmary 
of result connected with X-my spectm is also inrlud^^d. The 
s^^d and third ciiapters are devoted to the J!^iiian and Mtark 
effects respectively, which are discussed b>th from th# thaorctiml 
and pm:tical view pints: the anotiialons Befunan effect, Lande’t 
nile of intensities, and the Past-hen-Bark effici are amongst the 
subjects dealt with. The fourth and final diaper contains an 
account of wmrk on emission band s^metra. 

Keferem-e« to original publications and complete author and 
subject tfideaes increase the value of the volume. 
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A Trsatiss on the Anahfiiml J^ynmnus of Paeticlm ami Migid 
BtHlies ttdilt an Introduction to ike PcMnn of TItme Bodies. 
By Professor E. T. Whittakkji, LL.D., Sc.D:, F.K.S. Third 
Edition. [Pp. xiv. + 46ii.] (Cambridge: jit the XJniv^sity 
Prmn^ 1927* Prieo 25#. met.) 

Tun tiew editiom of Prof. WbittakoF# Tr^tise (Mi the Analytical 
Dynamics of Pm-ticle# and Bigid Bodies is, with the exi^ptioii of 
the laat two chapters^ a reprint of the previous editioii, with some 
a^rreetions and additional references. The two chapters in which 
changes have been made are those dealing with the general theorv 
of orbits and with integration by series. In view of the 
developments of this portion of the subject during the ten y€^rs 
which have elapsed since the publication of the second ^ition^ 
these two chapters have been entirely rewritten aiwl the new- 
matter incorporated. The additions enhance the value of the 
trearise, which has proved invaluable to the more advanced 
students of theomticsl dynamics during the past generation. 

7 he Electrical Omahictipity of the AtmmpJiere and its Oanses. By 
Victor F. Ph.D. Translated from the German by L. W. 
O^nn, M.A. ]^. xviti-f204 with 15 igures. (JLoodon: Con¬ 
stable A Co. 192S. Price 12#. net.) 

A cc^sctSK but adequate aci-ount is given in this volume of the 
present state of knowledge of the ioniisation of the atmosphere 
and its causes. Ttie apparatus and methods for determining the 
coridiietivity of the atmosphere^ the average mobility of the iotis^ 
and the number of ions are described. The various phenomena 
which <^ntribate to the observed ionirMion^ both those of radio- 
active origin and those of fion-radh)active origin^ are considerefi 
in some detaiL Tbe processes which result in the destruction 
of ions are then dealt with. The question of hotv far the known 
imuses €if ionimtion am quantitatively sufficient to bring about 
the amount of ionisation actually observed is then discussed for 
the layers of air wear the earth over dry laud, for the lower layers 
over the sea^ and for the free atmosphere up to the neighbourhood 
of the upper limits of the trojiosphere. It follows fmm this dis¬ 
cussion that the observed ionisation is in all cases satisfactorily 
mfcouiited for by the known causes of ionbation. Finally, a 
section is devoid to the phenomena of the wnductirity and 
ioniaation of the upper layers of the atmmrpbere. 

A detailed account is given of the p**netrating radiation (hohen- 
stmldungX itteluding the original %vork up to the beginning of 
1^7, For the }mmnt timnsl^onf the ^tions dmding with this 
and with the phenomena in the highest layers of the atmosphere 
have been rewritten by the author and brought up to date. 

The subject of the volume is of interest to thc^e concerned 
wdth geophysics, meteorol<^, astronomy, geology, and radio- 
tel^raphy. To all of theM the present actant will prove a 
valuable summary. Beferences are given to the more importait 
theoretical mvestigatious and oxporimeutal results. 
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Post andPr^etti. By V- E. PciduiN and W. J. Wti<TSiii&£. 
pp^ with iUiutratioiw. (Loadon: Ernest Benn. 1U27. 

Price 12*. 6d. H«t.) 

Is the thirty years or m which have elapsed since their discovery, 
X-rays have exercised a very profooad effe<^ on phvsiMi and 
chemical investigation and have found many practical applit^sUons 
in medicine and surgery and in varions branch^ of mdustry. 
They have always been of grmit interest t«> the general public, and 
the telling of their story in a mminer that would interest the 
inquiring layman who is not possessed of any scmutific training 
was well worth doing. This is a task which the authors, both 
radiolcgists with wide experience, have accomplished with 
^NHMpienous success. 

After an account of early experimente, the researches of Crookes 
and others with the electric discharge tube are descaribed, Imiding 
to an account of Boiitgen’s discovery. The «irly controversies as 
to the nature of X-rav» are recounted, and the investigations of 
3, J. Thomson and others which led to the discovery of the 
electron are summarised. The developmetit td modem id«»s as to 
the nature and structure of the atom which ha* resulted from 
these and other investiprtions is explained in fion-t*-ch»ical 
language. The phenomenon of the diffraction of X-rays by 
crystals, which finally settled the vexed quwtion as to tlie nature 
of the rays, is then diiwussetl. The remainder of the bo<jk deals 
with the numerous practical applications of X-rays and with the 
modem development* of X-ray tubes and apparatus. 

This well-written account will bring home to the layman the 
important results which may accrue from research in pure scieno- 
and will leave him with the conviction thrt there art' many 
avenues ns yet unexplored in which X-rays will be found to have 
practical application. 

Tkwry of Fmuiiom of « Heal VarieMe amt the 7'heurtf «/' 

Phurier’s Seriot, By E W. Homats, Ke.D., F.K.S. 

Vol. 1. Third Edition. Pp* xv+7315. (Cambridge: At tlie 

University Press. 1927. Pri<» 45*. net.) 

»riig second edition of Prof. Hobson’s treatise on the ibeoiy of 
functions of a rmd variable was double the sise of the first edition, 
winch appeared as a single volume iu 1007, and was substantially 
a new bo5t. Volume I. of the second edition appeared in 1921, 
Vidume IL in lft26. The first volume has now gone into a third 
edition, ^e previous edition has been thoroughly revised, 
certain sections rewritten, and new matter, amounting in all to SB 
baa bema added. Tltese additions have been made without 
oom^ring of the sections, so that the referenoes in 
HL to sections ?n Volume 1. are sUlt appiicaUe to the new 

l^e w<Kk ai • wh<de is too well known to eell few dehuisd 
-comment, Ho pieeemt volome deab with aniBbeni, ttm 
dtmeriptive mi metric propertiec of aeta pidnta, tnuMritoite 
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numlmm mA orda? tomtiom of a raiiable, tbo 

Si 0 iiiat}ti integral (in which the section on the Bietnann-Bteiltae# 
integml has b^n rewritten and enlai^ed), the Lebesqne int^rat 
(in whubh the actions deling with the indefinite integral ot 
a function of two variables have been ^nsfders^ly add^ to), and 
non^absolutely convergent integrals* 

Prof* Hobson*s treatise is the standard trei^iiag on the subject 
in the English language, and he is to be eongr^uibted upon ihe 
revisions and additions whieii are incorpora^ as new editions 
becKune neeesi^y, so keeping the wcrk thoroughly up to date* A 
list of additions and corr^tions to the second edition (1026) of 
Volume 11* is given at the einl. 

The printing of the volume is in accordance with the bigh^ 
traditions of the Cambric^ University Pr^s* The price of the 
new edition remains the same as that of the s^^nd raition. 

Chemimt AffLtiUy. By L. J* WuBumms^ MX\, B*Se., A,I.C* 
[Pp, vii-plBS*] (£ondon: Longmans, Green & Cb,, 1028. 
Price 7s. GtL net,} 

This new volume in Biessrs. Longmans, Green A Co.*s ^ries 
of Bionographs on Itior^nic and Kiysical Chomistry deals with 
the important subject of the application of thermodynamic con¬ 
siderations to qu^icms of chemical affinity. The treatment is 
elementary and assumes no previous know tedge on the part of the 
re^er: it is therefore suitable as an introduction to the subject 
and to the study of more advanced treatises* 

After preliminary considerations about energy, its conservation, 
degradation, and availability and about reversible and irreversiWe 
process^, the conception of entropy is introduced and explained. 
The importance of the heat content and free energy (following the 
terminology of Lewis) is then introduced and the measurement of 
free enetgy changes is discussed* The next chapter is devoted to 
reactions involving solutions, the important conception of 
activity ” introduced by Lewis being eirplained. In the 
following chapter, Nernst's beat theorem and various applications 
dealt with. The final chapter contains a large number of 
illustrations of the applicaiton of the principles explained in the 
pi^eading chap^rs to praetiiml problems* The author states that 
it ss in this chapter that tlte main purpose li«^, mnd if this serv^ 
to assist res^rch workers to how’^ to survey their problems, 
to estimate the most favourable conditions for experiment, wd to 
study the possibility of disturbance by side reactions, this purpcN^ 
will," inde^ have been fulfilled.” There aio many to whom 
mathematii^ symbols have little mmnii^ nnlil translated into 
numerical data: ail such will be grateful to the author for tlm 
variety of practical ap^ica^tis discussed in this obiter* 

The volume is written and clmurly exp«^ed, and the 
author has been judicious in his choice betwe^ what to include 
and ivhat to exclude. The volume is well printed and the type is 
Teiy 



36 S Kotices respecting New Books 

Cambridge Tram *» Mathematia and Ma&emaiieal l^gsksi 
No. 23. Operational Methods in Meth^tie^ 

By HUhold Jeffbets, M.A., J>.8c., F.B.S. CPp- ^+101.] 

iVo, 24. InvarianU Qaad/ratie IHjg^tUki 

By 08CAK Vkbi.es, Profesior of li»tfa«mataoB, Pnnwton 
UniTersity. [Pp. vui+102.] - . - a j 

(Cambridge: at tbe Unirersity Vnaa, 1927. Price 6». 6d. 
set each volame.) 

Tan two new Tohimea of the seri^ of Tmcta in Mathematic and 
Matiiematical Physics, published by the Cimbndge Lnirerarty 
Press, are wricom© additions to a valuable senes. 

connected account of Heavwides powerful 
operational methods for solving dififerential equations in 
hu hitherto been available. JDr. Bromwich and o^r 

invertig^tors have puWished papers deling with 
metboik and some of the applications, but 
general use has not been made of thmi is d^ 

Wk of a connected snroniary such as l>r- » 

provided. The principles of tbe methods are bnefly ^ simply 

Lpiained,and the manner of applying them to 

is illustrated bv a wide vanetv of applications—to electrical and 
other problems' involving one independent variate, to 
to coi^uction of heat, to problems with sphenral or tjlii^rical 
JJmTJtrrto dispersion, and to problems involving B^sel 

fttiietioiis. These illastrations bnng ^ 

eomneUitig manner tlm power of tbe method and its peciumr 

Sility for physical problems in which the initial conditions are 

Tract by Professor Veblen btauw tbe same title as *•* 

tiie series by tL late J. E. Wright, 
out of print. The earlier tract was published in Wte, 
development of tbe generalised relativity attrac^ widrapre^ 
attontmn to tbe subject. The new orientation thereby giv en to 
the subject has to a large extent shaped the wntents of this ti^l. 
practical applications to relativity, electrom^ietic tb^ry. 
lynamics, and the quantum theory have be^omi^. Such 
maily acceraible to tbe stocbiit of physics. W bat be reqmres and 
provided with in this tract is an account of tbe under, 
lyim? difewntial invariant theory but oriented with a ^ 

applications. TOw treatment has m eleinwto 

permits, and fundamental definite^ have l»«n 


ilhe Bt&tors do^ hold themselves re^po^te /or the 
*• viems expruui bg their eerreepemdemte.^ 
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XL. Thi JHrec( Carn-nt C^tuluetiriti/ of Jusutolma (Hit 
% D. U. RhACK, Ph,I).. M.Sc., R^si^arch Laharatori 
of Iniernalwiial Standanl Electric Corporation *. 


I I ims long known that, in ganeral, when a difference 
of potential is apftlied acro<fs two electroties immersed 
in a liquid dielectric, the current fall, off with time, the rate 
of fall depending on varions conditions. As distinct from 
most solid dielectrics this !ih.soq)tion current in oils is not 
rever.sihle, and has been called the irreversible anomalous 
current.” Although the absorption effect is not reversible 
there are in some cases traeesof a small back-effect. These’ 
however, are nsaallv attributetl to chemical polarization of 
the electrodes, and their effect can be allowed for when 
Ltkmg meastiretiients^ 

The purptJse of this paper is to give a simple fcheorv which 
seems capable of explaining the observed phenomena’ and to 
show how this theory is strongly supported by experimental 


An al^rption current can conceivably be caused in two 
*" ‘^••■esistancebetw'een the eiectroiles ; 
and (2) the formation of polariaation potentials due to an 
a^umulation of charges in the dielectric-a kind o, space- 
charge effect. Fr^ tite irreversible nature of the a^rp- 
tion, and more particularly from the form of the corrent/time 
relationship ohse^^ on reversing the applied potential, it is 
considered that (2) above plays little, if any, part in the 

* CommuniciUed bj Sir E. Rutherforil, F.lbS. 
rati. Moff. b. 7, Vol. b. No, 36. Sept. 1926, 2 B 
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iphenoniena. Reasona for this are given towards the end of 
the paper. 

Assuming, tben^ that absorption is due to an increase 
of resistance, the question arises as to whether this incre^e 
is due to the building-up of a resistenee at one, or lN^tb, 
of the electrodes (**conhict resistance^*), or whether it is 
due to the withdiawal of the conducting |mrtieles from 
the liquid i^lf. It is well known that conducting particles^ 
espamally water^ can be removed front a liquid dielectric 
by the appiioition of an electric field, The^ effects are, 
however, chiefly observed in more or less impure liquids. 
While it is not denied that a siittilar action may take place 
in reasonably pure dielwtries, it is here assumed that the 
predominating factor is the formation of a contact resistance. 

The phenomenon of contact resistance has been observed 
by several workers when dating with solid dielectrics and 
Hartshorn f put forward a thaoiy to account far tihe usual 
absorption effects and power lo^ms on these grounds. 
In the <^se of liquid dielectrics it seems to have b«n 
aiuiumed that such contact effects are not eneouiitered ; but 
in the light of the present work this seems to be far from 
correct. Various ivorkers have recKirded the presence of a 
contact or transfer resistance with ordinary electrolytic 
elutions I, and the action of the electrolytic rectifier is 
thonght to depend on such an effect §. More recently 
Bryson i, when working with molten glass, observed a 
atmllar effect, the resistance being largely due to the 
formation of a gas layer at one electrode. Therefore, even 
without further experimental support, the assumption that 
a camtaot imistance is formed in liquid dielectrics seems quite 
Justified. 

Any building up of a contact layer at an electrode is 
mmt prolmbly due to the transportation of itialeria) by the 
current flowing, the rate at which it is lietng formed fieitig 
proportional to the current. It is oNierved that if a film of 
cil which has had a voltage applied to it for some length 
dt rime is sfaorbctrcutted, the eatra resistance which has been 
built up gmdually dtmpp^rs and the oil returns to its 
inirial state. Thus it is evident that there is a force which 
is tending to remove this contact resislance, and this may 

♦ IcM, Ann, der /%#. Ixaii. 6, p. 401 

t ^roc, Phya 8oc. vol. axxvti. p. 215 (1^). 

i See, for sacsmple, Newberry, Key. Soc. l*foe. A, mL p. ISf Cl^) i 
Crowtber and Btephensoti, Fhth Msg. vol. t p. 1008 

§ Bee MeserrSi^Fliys. Bev. am*, p. 215 (li^^ 

I Joam. Soc, Glass T^eebn. xl. p. B81 (l^). 
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t«rmed its tendency to recombine. From the analogy with 
the case of chemical mass action it is reasonable to assnme 
that the rate of recombination is proportional to the 
mi^itnde of the resistance layer present. 

Let Re be the initial r«iistance of the oil between the 
electiodes; B, the final steady ralne of the resistance after 
the applimition of a potential K ; R the resistance at time # 
after the applitmtion of the potential; X«, !«, and I the 
C9rr«iponding valnes of the cnrrent; and r the increase in 
the resistance. Then R*Bfl4 rand B,3sB,4r,. Applying 
the assamptions made above, we get 

drldt^kl-hr, .(1) 

k and I being constants. When a steady valne has been 
reached, dr/cftasO, and so 

hence RyseRQ+nl^. (2) 

where n=skll. Therefore, if the valnes of R, for different 
values of £ are measured and graphed against the corre- 
simnding valuwt of the current, the points should be on a 
straight line, cutting the axis IsO at the value of Bo *. 
Eliminating 1 by means of Ohm's law, we get 

R. « Bft/2-|. v^«K 4 (Ko/2l*.(3) 

If, by suitable switching arrangements, the time available 
for recombination is greater than the time tiie potential is 
applied, then the resistance ought to be decreased. A method 
is described later in which a commutator connected the 
potential across the film for a fraction of each revolution, 
the film being short-eircuited for the remainder of the cycle. 
This was rotated at a speed which was sufficient for it to be 
adorned that the resistance remained constant throughout tiie 
cycle. If a is the fraction of one revolution during which 
the {Kjtential Is applied, then 

^ =* oil—if,...... (4) 

and when rfr/df*«0, 

R,«R,+n*I,,.(5) 

«I, representing the average current flowing. Thus, while 
keeping the potential constant, values of R, can be ol^ned 

• It tt of hitttNwt to tluft Ifotsrve (Ise. oft.) obtsias a tiadlat 
relationsbip for tbs almniniuin eelL 

2 B 2 
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tor diMeront values of the average current by varving m. 
Tbe relatiousfaip dbould still be lin^r* 

If the absor^iou current observed in oils is duo to the pro* 
c 0 smB given then the value of obtained bv varying 

tbe applied volhsge should tbe same as the initial value of 
the resistance obtained in taking an absorption curva^ due 
allowauM being made for tbe true espaeity current. That 
is to ^v, both should give the true resistance of the oil 
itself. This has been found to im approximately eorrwt in 
some cases ; but in others the value of was found to l>e 
greater than the resistance observed fifteen seconds after the 
application of the voltage. The explanation suggests itself 
that R^ is not the true resistance of the oil, but that there is 
a permanent contact effect at the electrodes which is 
independent of the passage of a current. The capacity 
and resistance effects of such a layer would conceivably give 
rise to absorption currents as outlined by Hartshorn 

Whether is the true resisttince of the oil or not, the 
values obtained for it hr varying the thickness of the films 
by equal steps should differ by equal amounts* Also, since 
k and I would t>e expected to remain constant, the points 
obtained by graphing It, against i, shotilil He on a scries of 
equidistant parallel lines. 

If these deductions are correct, then on reversing the 
applied |>oteiitiai after the current hail previously reaeluHl 
the steady state^ the initial resistaiici* %votild l>e the valm^ «»f 
R,r before reversal f. The contact layer which bad h#n*n 
built up at the one electrode vrould be retnovetl while 
a similar one was being built up on the other. The rate of 
removal of the previously-formed layer would he gri*nu*t 
than the rate of formation of the new one, since in thf 
former ease the current and the forces of recmnbinaticifi 
would be both tending to remove the layer. Such a stat«« of 
affairs does not lend itself to simple matbematteat treatment, 
but it is evident that one would exjiect tbe current to rise U* 
a maximum and then fall off to the %'iiliie of I, liffore 
rev0r»L 

So far, it has been assumed that a contmei resistance is 
built up at one electrode only, but it is quite poisihle that 
one is formed at each electrode. It can ^sily \m show n 
that in tbe latter case the relation between the resistance 
and tbe final current would still be linear. On reversing 
the applied potential, the rates at which the two films br^k 

♦ 

^ Tim mftmei oi the tn^ oiuseity charfet snd are not 

considered^ as they would take place in a veiy raalt interral of time. 
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ap might differ, and in that ease one would expect to observe 
two maximnm points. It is wortib noting here that snch 
a state o£ affairs is dbserved in some cases. 

A com|>arattveljsimple equation connecting the resistance 
with the time of application of the {>otential can be found for 
Uie (aise in which a contact resistance is assumed to be 
built up at one electrode only, and the initial resistance is 
that of the oil itself. Tliis is 


1 



( 6 ) 


Rgr. 1. 



Tbe<itettcal absorption curve. (Btokea curve shows initial partof %. 7.) 


Fig. 1 shows the form of the curve obtained for 
the relationship Itetween eonductivitv and time wbmi 
H,a=:3*33, ItQsal'bd, and /ssO’Od. The broken curve sliows 
the experimental values obtaineti on an oil as shown in 
fig. 1. By suitably adjusting the nittletennined constants 
B* and /, a closer agreement between the observed and 
calculated values could be obtained. It is, however, felt 
that the above sim{>le case is the exception rather than the 
general rule, and that the mathematical complications 
involved if contact effects take place at both electrodes and 
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if permanent contact effects are present aoake exact corn* 
parison between calcolated and obaenred valoes extremelj' 
difficult. 

Most workers on the subject seem to be of the opinion 
that ^e condnotiTitj of liouid dielectrics is electrolytic 
in clttracter. If such is tne case, then the liquid may 
be considered as an electrolyte of practically infinite 
dilution, so that “ionic ** dissociation may be considered as 
bein|r complete. The conductirity of an eleciroi;^^^ is 
proportional to the number of ions present and to their 
mobilify. If dissociation is complete the number of ions 
will not change with temperature, and the condnetirity 
should vary in the same way as the mobility. That is to say, 
one would expect the resistance of the liquid to be pro¬ 
portional to the viscosity. This applies to the resistance of 
the liquid itself; but should resistances be built up at the 
electrodes, one would i»ot expect the measured resistance to 
vaiy in such a manner. It seems reasonable to assume that 
the value of k in eqnation (1) would not vary greatly with 
temperature ; but one would expect the value of t to increase 
with temperature, just as the rate at “which ordinary 
chemical ructions are known to ine.rease. This would 
mean that the relative absorption wonld decrease as the 
temMrature increased, and that the ratio of viscosity to 
final resistance would increase with teinperatore,* the 
viscMity/temperature carve being modi less steep than that 
tor the resistance/temperature relation. Also, the value of the 
resistance measured at short time intervals after the applica¬ 
tion of the voltage and the value of R® obtained by varying 
the voltage across the film should change at a slower rate 
with the temperainre than the ordinary final resistance 
measured under volhige. 

It should be noted that the values of k and / aro not to be 
expected to be similar for different liquids. In general 
it seems that for oils the greater the resistance of the oil 
itiwif the greater the value of the contact resistance built up 
f<w- any given voltage. Thus the value of I seems to depend 
on the conductivity in such a way that the more ions there 
are present in the liquid the greater the tendency for the 
contact resistance to recombine, llie reasons for'ibis are 
not evident, but they may be connected with the results to 
1)6 mentioned later draling with the addition of moisture 
to Otis.- However, it Is interesting to note tlmt I’rowther 
and Stephenson * observed a similar effect in ordinary 
electrolytes. 


• Zee. alt. 
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Experimental, 

The theory put forward above was developed from the con« 
sideration ot experimental results obtained from insulating 
oils. The work, which is still in progress, was undertaken 
with a view to attempting to discover the Fundamental nature 
of the eletjtricai conductivity of liquid dielectrics, A great 
d^i of time has been taken up in overcoming experimental 
difficulties, a description of which is too lengthy to be 
included here; and^so far,, the results ob^n^ have bew 
mainly concerned with what may be termed the ^ anomalous 
effects*^ rather than with the conductivity of the oils 
themselves. 

The oil under test was contained in a mnieal vessel 
forfiiiiig one electrode and having an inner concentric 
electrode which was guarded at top and bottom. The vesi^l 
was seated off from the atmosphere by means of two ground 
Joints, and it was capable of being evacuated to compara* 
tively low pressures, The him thicku^ could be accumtely 
varied without opening the ve^l in any way. The vessel 
and elecirmles were constructed of brass, using bakelite for 
the necessary iiisulntion, and the actual surfaces expend 
to the oil were tinned to lessen any tendency to form sludge. 
The testing vessel was place<l in an electrically-heated oven, 
the leiii|ierature of which could l>e regulated to keep the 
tem|)eratt}ra of the oil him coastoiit to within 0*1® C., and 
by taking particular care the variations could he kept to 
0*02^ 1", in general the resistance of the oil was measured 
by direct deHexi^ai riiethodi, using a sensitive moving-eoil 
galvanometer 

ifie ltc]utds used were all oils of the paraffin series, and 
these vrero usiiallv supplied in a carefully purified state. 
The only further tr^imeiit they received uasviieiiuni drying 
when in the testing appamtus, this being usually carried ont 
11 1 a teinperatiire of dO® C.-^i 0^ C, The id^ may be advanc^^ 
tliat the vagueness of the constitution of the oils used detrmeni 
from the scientific value of the results; but it is very difficult 
to obtain liquids whose cfaetiiiait conititation is definitely 
kfiowii and which arm of sufficiently high resistivity to be 
considered! as insulators. Moreover, since the effects studied 
do not deal with the nature of the oils themselves, bat with 


• it is obviously iuiportant to be able to measure the resistance of 
the oil films at veiy short latetvals after the application of the potentmL 
So far it has not l^en possible to do this, but it Is hoped that a string 
galvanometer will be available in the near future when such obeerva- 
ttons will be attempted. 
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tbe electrode phenomena, it is thought that the constitution 
of the oils is. In the present case, of secondary importance. 

Fig. 2 shows the straight-line relation between current 
and resistance for medicinal paraifin oil, and 6g. 3 shows tiie 
same for a thin engine oil taken at several 61m thicknesses *. 
The curves were taken by varying the voltage in steps and 
leaving an interval of one hour at eacb change of voltage 
before taking a reading. In the latter esse it will be 
observed that ibe points line on a series of e<]uidistant 
parallel straight lines as indicated by the theory. 


Fig. 2. 



CURRENT t«W»SJktO*) 

Beldtion between re#istaRCe and earreiit for parnffin «il. 

Fig. 4 is a diagram of tlie tiieihcMJ used for imfrrmmg the 
proportioa of the time of rwomWtiation to the time of ewrreiit 
flow. Tlie eoiiimututor eemsisted of a pieei* of he^% j eopppr 
iabmgpabout 7 meheslougafid 3 tiiehes m diameter, whbh was 
divided in two by a diagonal sawwcrttt* *rh«f two halve*^ 
wore motttitad on a wooden cylimler ^upfmrted on hall 
bearings. Two fised hrosbos made oontaet with the two 

♦ iJm wfaea gives, *ir** eicpr^.^*e«i In cllvtuitnis of ibe 

kmd wbkb vmi^ ibe diitiiace «b^^trcde!». Tbt 

bead wa« divided Into 10^ divisimf, and divi.«ioit«i un the b^4 
oom«||^aded to 0*1 jneb film tbldkttei^. 
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Fw. 3. 



Oonnexiou iw roturv commutntor. 
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Mgmenta, and a third brush could be adjusted so that the 
proportion of each segment which came into contact with it 
could be altered. The resistance H prevented the Imttery 
from being short-circuited while the movable brush made 
contact with both segments at once as it passed from one to 
the other. The value of 50,000 ohms, was small in 
comftarisott with the resistance of the oil film, and so did not 
affect the readings. Pure capacity and other reversible 
effects were eliminated, since both the charge and discharge 
currents passed through the galvanometer, but in opposite 





directions. The commutator was run at a sfieetl of from 
1000 to 1200 revolutions per minute, and this gave a steady 
l^lvanometer deflexion. The method of obtaining the 
resistance values was quite straightforward, and fig. 4 shows 
that the resistance graphed against average current gives the 
same strmglit line as that obtained by varying the applied 
volti^e. 

While the general tendency seems to be for tlie reststenee 
to have a linmir relationship with the current flewlt^, yet 
such a simple state of affairs does not always extifl. Ws is 
especially so in the case of fresbiy-prepated oil films, and 
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Current Condu^itity of Inrulatiug Oils. Z19 

fig. fi tbows the resistance/cnrrent relationship for tihe same 
Kunple of oil as in fig* 5, bat taken soon after the oil was 
introdneed into the tester and also at different temperature 
and film thickness. It will be obserred, howoTer, that the 



s to vO 3C! <40 so ou 70 80 90 )Oo no isa 

TIBC MiNOttS 

RsUtioii betwsea coDduotivitv sad time fortxani^ormer 


resistance values obtained b_v means of the rotary cominniator 
lie approximat^y on the same curve as those obtained by 
varying the voltage. 
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Fig. 7 sbow9 a typical absorption and reversal carve, the 
liquid being a transformer oil. It will be noticed that the 
carve obtained on reversal rises to a maximam and then Bi.Us 
away as indicated *. Fig, 8 is a similar curve showing the 
doable maxima sometimes obtained on reversing the applied 
potential. 

The resistance oE an oil film sometimes varies according 
to the direction in which the current is flowing. This is 
easily explained by the theory, since the two electrodes may 
not nave exactly similar surfaces, thus altering the values of 
i and 1. This accoants for the fact that the two reversal 


Fig. a 



Conductivity-time cur\'e» showing double maxima on revemaL 


curves in fig. 8 are not coincident. The phenomenon is 
shown more definitely in fig. 9. Curve 1. shows the relation¬ 
ship with the current in one direction, and curve II. that 
with the current reversed. On reversing the currei t a 
setKind time the points obtained lie on curve I. once more. 

Fig. 10 shows the ratio of viscosity to final resistance for 
medicinal paraffin. The points are plotted on a logarithmic 
scale for the sake of convenience. The fact that the 
resulting graph is a straight line may be of importance, but 

* ^milsr curves have been obtaiued for liquid bromine (Andenoa, 
Fliys. Soc. Proc, xl. p, and fat Uquid unlubtir fl^bdk, Proc. 

aBBb.Pba.8oc.xxn-p.miS24). r ^ . 
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main fact to notice here is that the rMiatance decrease 
mocb more rapidly Aan the viscosity. Fig. 11 shows the 
dififerenoe in the rate of change of resistance with temperature 
of an oil film of 0*46 inch thickness when measured 15 
seconds after the application of the voltaw and after a stwdy 
deflexion had been obtained; and in addition the vrfaes of 
a, obtained from the resistance/ourrent relahonsbips are 
shown for the different temperatures. It will be noticed 

Fifr. II. 



of temperoiufe oa oi on tafia# oil. 


that tha r^iistaaeas maasured after 15 are Its# 

than rim values of Ro in each case, suggesting the presence 
nf a i^niaet resistance before the application of any voltage. 
The viscosity/temperature curve is seen to l» more nearly 
parallel to tne lower curves than to that obtained for steady 
valnm of rwstance at 144 volts. 

Soms experimenta have been made m an attempt te 
determine fibe effect of moisture on the remstance of an oil, 
and some of the results are of interest in tibe light ef the 
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present theory. Moisture was brought into contact with the 
oil in the form o£ water vapour, at the same temperature as 
the oil, by connecting a small flask of water to the testing 
apparatus. The amonnts absorbed were very small, and it 
was not found practicable to measure them with an ordinary 
chemical balance. In fig. 12, curve I. shows the resistance/ 
voltage relationship before exposure to moisture, curve IL 
the same after 60 hours* exposure to moisture, and curve 
III. after 16 hoars’ vacuum drying after the exposure. 



Ourvmi IV* and V. show die nnistanee/tiine relationships at 
144 volts correspmotding to curves 11. and III. respectively. 
'Die main effect of tiie moistare seems to be to r^uce the 
value of tiie oontaot resistance built up witiioat changing tim 
retistaooe of the oil to any grwt extent, since all the five 
curvet appear to out tiio or^nate at approximately tiie tame 

^]^^y be aaeerted that the above phenometm could also 
be explained by tiie aasumption that space charges are set 
up in liquid dielectriot. However, this seems to be negatived 
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by two main facto;—(1) Th« alworplion ciinc of an oil may 
take some boors to reach a steady valm*. If this were doe 
to the gradual formation of a space charge, om* would expect 
that, on removing the applied voltage and sliart-eircoiting 
the film, the charge wonld take a similar length «»f time to 
disappear, and would give a residual corront time curve 
comparable with the original absorption curve. Sued) is not 
observed in oils. (2) If a sjiaee charge is built up giving 
an oppe^ing E.M.F., then on reversing ibc applied puteiitial 
this space effect should be acting in tht* '•anie direction, giving 
a larger current than that observed at the liegimiing of the 
original absorption curve. That such is certainly not the 
case is indicated b)* tho revensal curves shown. 

No mention has so far b»‘eu made oi the prolcibb* natuie 
of the contact resistance. There is a certain amount of 
evidence to suggest that it exists in the form of a gas layer 
on one or both electrodes ; hut until further exponnieiual 
support is obtained it ninst be regartletl as a tmitativ*- 
snggestion only. 

Finallv, it should be pointed «tuf tlnit, when a contact 
resistance is built up. the layer .so formed may ha\e a barge 
capacity, and thus, when the liiia! -t-'iidy current hsn leoui 
attained, th** combinutiou of oil and contact iay<‘r may act fl¬ 
an ordinary two-laver dideelric, following unlinars 
Maxwellian theory, in the case of ordinary insniutiug oils, 
however, tin* residual effects so obtained would l>e -mad ir. 
comparison with the change in the rcsistfliice ot the contact 
layer. It is conceivable that siudi an effect might i>e detected 
with an oil of very high s|»*citic re-i-tance. 

•'^uimnari/, 

A theory is pul forward to account for the absorptiott 
eorrent in liquid dielectrics. It i- assitnttsi iliat .•oni.aet 
resistances are formed at one or liolh elwtrodes bv the 
passage of an electric current, thi.v causing the well-known 
decay of current with the time the potential has been apfdieil 
across the electrodes. Experimental supftort of the theory 
is given, and it seems capjihle of explaining in a simple 
manner the anomaloa.s conductivity phenomena ohservidin 
liquid dielectrics under D.(*. stresses. 

My thanks are due to the International Standard Electric 
Corporation for permission to publish these results. 

lam also indebted to Mr. J. 1). Cockcroft of the Cavendish 
Laboratorj’ for much helpful criticism. 



[ 385 3 


XLU The Attion 0 / 0n Collmdal Ceric H^droxide^ 

J. A. V, i^AiaBBOTHEft, B.Se* 


iKtBODrCTIOK. 


I K a {irtfviotts juifit paper with Frofeisor Cro%%^ther f we 
reported opiHi the action of X-ravs on eotioidal Iron^ 
Uopf^er, Hihvr, and Gold* It tippeared that cationic sols^ 
that i?4, mik in %i?hieh ilio par’ticloii are attracted towards a 
negative pole, are coagnlated, whilst aniotiie sok became 
more stable. Since then W'e have irradiated mant^ more 
positive and iieiiutive sols and have foitnd no exception to 
this rule. From the nmnerteal investigatioti of a Bredig 
copper so!, it was suggested that cuagiilatton %%'as due to the 
destruction of the electroktnetie potential by ionkatton 
produced by the rays in the* diffuse double layer surrounding 
tb© particles* 

By in*'asuring the viscosity changes produced in a viscous 
sol by X-rays* it was hoped to study and follow the changes 
taking place in the electrical stale of the particles* The 
researches descrit^ed in this paper wen^ undertaken with this 
ernl in view, 

Hinoluchowski has develojXHj the following formula for the 
viscosity of a colloidal solution x 


1^* 



l4-2-5^fl+ - L 



ft, and f*, are the visco!)ities of the sol and water resjiec- 
tivel_v» 

is the %-oltime of the particles in anit volatile of the 
sointioii. 

r is the mean radius of the particles. 

\ the 8|>«cific conductivity of the sol. 

D the dielectric constant. 

^ the electrokinetic potential. 

If it be assumed that X, and r remain constant, we can 
deduce a verv simple relation between the viscosity of tb© 
sol and the electrical charge on the particle. 

« 1 + 2*5^i-KC, 

where K is a constant. 


• Oemrauaicsted bv ]*iofes»or J. A. Crowtfaar, Sed>. 
f Ciowtiier A Fatnteotlier, Pint. Hsfr. tv. August 1^7. 

Phil. Ma^. S. 7. Vol. e. No. 36. Sept. 1828. 2 C 
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If iMWtba vitcosity of tlie sol when the electrokmeuc 
polential on the particles is destroyeil, iiieii 


1+2-5 d>. 

/*r 


^ _^t’= Ki;*. 

/Ar 


Now y, the charge on a particle, i.-* f ^ 

will also be proportional to X-x, wWrc X ^ t «. Xjy 
dose required to discharge the partulc eomph-telt, and x 
the dose which it has actually receivci. 

Therefore 


(X ~4 )*.< -) 

Mr 


We may conclude 

(1) That the curves obtained bv plotting ^ against 

the X-ray dose aj>pli»«i, should be paralwlic in form. 

(2) That when all the particles have l-en discharged, the 

viscosity should be given by fonmita (1) above. 

This formula is the one develop«*d by Einstein relating the 
viscosity of a sol to the numlar of particles ni amt voUtiiie. 
a formula in which no account is taken of the elertrokioelic 
potential. If ' ■* ^ •‘<*S*‘M>hle com[.ared 

with unity, then 

Mr- == M»* 


and the viscosity of the sol .should tspial that of water. 

Fernati and* Fanli * have coagulated a |k.sihv« cenr 
hydroxide hydrosol and denatured albumen with fh*’ rays 
from radium. This secoml observation has liven repeated 
with X-rays t. In the case of cerb- hydroxide hydroso!. 
thev observeil that the viscosity first decreuw-d to a minimum, 
then rose rapidly, and that the sol finally set to a gel. Tliis 
particular sol appeared well suited for such a research .os we 
bad in mind. Preliminarv investigation showwl it to 1m* very 
susceptible to X-ray* and to give marked viscous rh 
with varying doses. 


« Feraau & Pauli, Kolhid. Zrit. %x. p. 20 (I917|; ibid. xss. p. O 
<1922). 

t Fairbrother, ‘ British Journal of Radiology,' April 192^*. 
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Exv^muKSTAL Details. 

Th^ experiinent^il urmngmiitmis were sioular to those 
iiem^rUwd ill the previous puper. 

The source of rii<liatkm was a Shearer tube with a 
fiiolylMJettUiii aiiHcathode, run ut a P. IJ. of 55/M>0 volts and 
ft currant of 4 m*a* by means of a largo induction coil 
and tnercury break. The resultant beam consisted largely 
of molybdauum K-radiation with a mean eoeffieient of 
absorpHon in uluniiniutn of 4*ti. 

The Hfjuid to be exposed was contained in a small quartz 
tmai 2S nun. by 9 mm. and 9 mm, <leep. The beam com- 
plet 4 *Iy filled the dish. 1 e.e. of liquid was always exposed, 
and filie<l the dish to a dej*tb of 5 mm. An equal volume 
of the std was placed in a similar dish and treated in exactly 
the same way. Both the exposed and control samples were 
sealed tlowm under boxes, the tops of %vhich were closed with 
thin glass cover-^Iips 02 min. thick. By thus hermetically 
sealing the liquids^ any changes brought about by exposure 
to the atmosphere were eliniinaled, and by comparing the 
exposed sample diriKJtly with the control, any changes 
brought alK>ut in the actual sejiliiig process were eliminated 
also. 

The viscosimeter consisted simply ot a vertical capillary 
tube vrith an intermediate bulb of 1 c.c. capacity and a 
reservoir at the base. The Ii<juid was sucked up from the 
reservoir, and the time taken for it to fall from a mark 
on the capillary above to a mark on the capillary below 
iht^ bulb gave a measure of the viscosity. The instru¬ 
ment stood in a thermostat kept constantly at 2tPc\ The 
difference hetweon the tiwics taken by thc^ exposed and 
control samples divided by the control time clearly gives 
tlie fraciiomil change in viscosity. In these experinietifs 
the control time rernaitied m constant that it was quite safa 
to assume that the changes in the exposed sample were clue 
entirely to the radiation. 

The intensity of the radiation was measured by means of 
tin air-gap ionization cdiainber, so constnicte<l that the 
volume of ionized gas lietween tbe plates was J e.c. 
A standard 1 mf. oondens€*r was eonneetefl to the insulated 
plate #f the chamber, and the radiation necessary to charge 
the condenser to a P,D. of I volt was utken as the unit of 
dosage, and will be referred to as a tnicrocoiiloinh, or I me. 
A dose of 1 me. corresponds to a dose of 3000 c in the 
ionisation chamber, where i ts BMedriches unit of dosage. 

The window of the chamber was distant 10'75 cm, from 

2 C 2 
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the focal spot of tiie tube. If the surface of the liquid i» 
distant * cm. from the focal spot, the dose given to the 

exposed sample is ®FP*y 

a unit dose varied with the condition of the tuW. but w«s 
nsnallT about 20 minutes. In all si ts of rostding* different 
doses were applied to the sol bv varving the distaiiet- of the 
turfaea of the expos^ed siunple from ih«^ focal fpoi. Ih** 
dtm ro«»sared in the ionization thainlwr was the same 
thn>ugbont any set of readings, so tiiat the time l iken to 
»pplj differeot do^es eonstunt, 

Prefabaiiok of thf Hof. 

About 5 gm* of ceric atiiinoiutHti nitrate 
dissolved iii 50 CeC. of distilled wafer. sotution was 

immediiiteij j>otired into u gla^s bell->hiipcti dial vN^r cuvf*rcd 
with stiff parchment^ aiul the whole j^tooJ in u dish of 
distilled water. Two factors arc «? 4 -%ciitiii{ ftir siuhwsIuI 
preparation. First, dialysis irnist take p»»ce a* ii»df*»riiily 
as p<mible throoglroat the sol. Tltt^ cn-^urctl bv using 
a large ineiiibnine surface. Secondly, flic dblysi?* iiiiist li# 
slow. For this reason, ruther than rcniovt^ the dia!y?^atc 
with a stream of running water, the dialy^cr stood in .a disti 
of distilled water, which was removed every bnu t#r sii 
hours. Under these conditions and after about three days 
a beautiful lemon-coloured viscous sol of c**nc bytliuxidc is 
obtained. If this is now stored in a hard or ^piartit 

flask, a spontaneous increase in %dscosity ensues, and the 
liquid eventually sets to a clear stiff gel. If ibis srtx-k is 
diluted before gelling lakes place, the viscosity eonttnic s to 
increase, though less rapitlly, and by rep«*ating the dilution 
a sol is obtained which is quite thick, and the viiHosity of 
which may Im considered to remain stmsthly constant for 
a numlter of hours. 


limvwn. 

A. SumeptUdHlf/ of thi *ol to X-my$ mih oodmi. 

(Fig*. 1 & 2.) 

A folution of 5 gm. of ceric ammonium nitrate in fit) f.c. 
of distilled water was dialysed from November 2(Uh to fittli, 
and the resultant sol stor^ in a quartz flask. When irradi* 
ated, it showed an increase in viscosity, the rate of incrouse 
becoming rapidly larger with increasing doses. Finally, the 
sol set to a gel. A similar viscewity increase takes place 
with age altlioagh two or more weeks elapse before tM sol 
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«««. If fi, anij ft, repreoent the viscosities of the exposed 
and control samples respectivelj, then p^j._ 

oentage change in viscosity. In fig. 1 are plotted valnes of 
^ against the corresponding X-ray doses for the ^me 
ml on three different days* 

l*ary€* L was taken on December 1st, three days after 
compleiion of dialysiss Initially, the vis^cosity increase is 


Fi^f. 1 . 



The behavioar of the name sol on DecemWr 5th and 6fch is 
given incurves II, and III, respectively, Oti December5th 
it set to a gel by a dime of 22*1 me., and on December 6th 
by T*4 me. Thns, m the sol ages, its viscosity continually 
increasing, it becomes very much more sensitive to X-rays. 
The wabir %*a!ue of the viscosimeter used was 7*2 seconds, 
and the control times on the three days December 1st, 5th, 
and 6th were @*0, 10*3, and 11*0 seconds. If ^ denotes 

the water value of the viscosimeter, then ^—~ is the 
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pereentaga excess of the viscositj of tha eostrol ovar ihal 
of tratar. Throughout tha axpariiueata thara vas Mvar 
fonud any appreciable difference between the viacMi^M of 
the stock sol and the control, so that the oontrol time may 
be taken to mean as well the stock time. 

The data for these curves are collected in Table 1. 


Table I. 


Control time 

J>at©, 

Ceiling do«©. 


(seconds). 

IwamX 


mt 

i)ec. 1st 

ail 

HI 

lo-a 

Dee. fftb 


4m 

11*0 

Dec. 6tl» 

74 


Time tidLen in appljr lu siacb dose =»? ^ ntinttHm. 


Water Tains of the rMeoeiaieter =s 7-2 Mwonda. 



The straight line 1. in fig. 2 is obtained by plotting iho 
dose required to set the sol to a gel against the days. 
The fact that this dose decreases linearly with tinie snggisrta 
that tha iweiog effect and the action of the radiation are 
additive. 
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In curve II. ^ is plotted against the time. Tbe 

relation is almost a linear one over the period studied^ but 
the curve l>egins to curve upwards, and would continue to 
do so more and more rapidly until finally the sol gelled. 

B. Change in vucositj/ produced by the raye in eols of 
di^erent conceniraiions, (Figs. 3 & 4.) 

Portions of a fresh and rather viscous stock sol were 
diluted wt^ distilled water to give solutions of one-half, 
one^third, one-^uarter, and one-eighth tbe concentration. 
It tbe strength of the stock sol made by dialysing a solution 
of 5 gin. of ceric ammonium nitrate in 50 c.c. of water is 
denoted bv B, then the concentrations of these new sols can 
^ BBS S 

be repre^ntwl by 5 ^, j,and Sampl^i dE tibasasol* 

were placed with tbe surface of tbe liquid distant 2*8 cm. 
from tbe focus of tbe tube, and a dose of 1 uic.,as moasored 
in the ionization cbamlier, given to each. Since the distance 
of tbe cbantber window from ^e focal spot on tiie tube 
was 10'75 cm., tbe d<»e actually incident upon tiie surface 

( JL0*T5\® rwt • 

~ 2 -g ~ ) 14*75 me. This was 

tbe same for each sample. Tbe percentage change in 

viscosity ^ prodneed by this dose in each solution was 

plotted against the concentration. The r^ultant curve is 
given in bg. 3 and the data in Table II. 

tabls n. 








^ISS 



WiiUir mlti« of vitoofiiiioter = 10*5 seeundA. 
X-my doM gtTfltii 14*7& me* 

Tints lilm to apply lbs dotes:20 miitutw. 
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Sols of low ooDoontrstioii show quit* a marked decrease 
in viscosilj with a dose of 14*75 me., whereas the stock 
solatioB from which the more dilate ones were prepared is 
eet to a gel by the same dose. 

In fig. 4 is plotted sgainst earying X-ray doses 

for sols one-third, one-foarth, and one-sixtb tlic stock 

s s s 

oenoMiiraiion. These soIm are denoted by ^and ^. 

Mach one was made on the d»y of investimtion by dilating 
a portion of the same stock. (Carves I. and lY. apply to the 



s 

■ol of 2 , bat carve IV. was taken two weeks after curve 1. 

The data for the corves of fig. 4 are set out in Table III. 

According to the theory discussed in the introduction to 
this paper we shoald expect the corves obtained by plotting 


against the X-ray dose to be parabolic in form. 


M«s 


Im^d, the i^ne of ^ decreases rapidly at first and then 

gradoslly araroaches a limiting value. In tbe case of 
Curves I,, It., and HI. the limiting value is almost equal to 
nmty, whilst that of enrve IV. is not greater than 1*85. 
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jDtiunc« of toniiailoti dbl^lber wtudow from tl>« foc«« of the X r.»y tube s= 10*76 em. 

Want' fill we of T;eaoiiiti(id#r ss 10*20 eeconde. Time Ukew to apply each doee s& 90 itiiituiee* 

Along llile Wm ** Mcrnitrol time. t Time taken to i^pply thie doeestOO uiitiuiee. 
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Table IV. gives the approximate dose, as deduced from 

the curves of fig. 4, nec^ry to J|***TS 

decrease in viscosity in each of the sob mvestigated, and the 
date on which each curve was obtained. 

Table IV, 


1 . 

Jaji. 


in me. |»^umag 
miixittitim deereass# • 
in Ti$eo«iijr . 


Conc«*ittration ... 


11. 

III. 

IV. 

Un. mth. 


Feb. m, 

n 

35 

13 

B 

S 

S 

H 

3 

4 


Fk. 4. 




If we regard the difference between the d<»es prodwmg 
the maximom deeriase in corves. 11. and III. ■* 
insignificant, the difference lying witbm the hinit of the 
errw in reading the roinimnro points on the curves, th^ 
can say that the dose reqaire*! to pi^oce the maximnm 
lowering of the viscosity decreases with the age <>1^ 
sol from which each of the solutions were made. This is in 

agreement with the observations made m ^Iton A. 

The fact that the carves are not |uiral»lic mast be dne to 
a variation of one of the factors X, and r the mew padtM 
of the particles, which, in the theorv, 

constant. Experiments descnlied in Section C showed that 
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the mean radins of the particles was deereanng np to dm 
position of minimwn Tiscoeity. 

0. Change in sire oj the parttelet nnth varying dotee of 
X-raye. (Fig*- 5 & 6.} 

In order to study the changes, if any, in the average size 
of the particles, use was made of the Tyndall meter, an 
instrument devised by Mecklenburg for comparing the 
intensities of t« o beams of light, 

A parallel beam of light A (fig. 5), in this case a pointolite 
projected with Zeiss projecting apparatus, is allowed to pass 


Fig, 5 



through the suiiition contained in a cylindrical glass tube (% 
closed at the eiid.s with thin plate-glass. Half of the beaiii 
is diffusely reflected upwards by means of a plaster,of-paris 
slab B, an«i again made parallel to the original beam by means 
of a right-angled prism P. 'fliis beam then passes through 
twu Nicol prisms NN and through the central s^t of a 
Lummer-Brodhun cube LB, into the telescope T. The light 
scattered in the tube C is collected by U»e lens L ^d 
reflected as a parallel beam into the telescope. By rotating 
one of the nicols, the intensity of the up^r h«im <»n be 
cat down until equal to the lower, in whiim case a uniform 
field is imen in the telMcope, the central spot disappearing 
entirely. The Intensify of tlie upper beam is reduced by 
sultobie filters until it is nearly equal to that of the beam of 
Mattered light. In this case the principal planes of tiie 
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nicMls mak* an angle of about 45° with <»ie another when a 
nniform field is seen in the telescope and the accnracj o( 
comparison of the beam is then a maximum. If $i ana 
are ^e anj^Ies between the principal planes of the nicols for 
beams of intensities J| and Jt ^nen a uniform field is seen 
in the telescope, then 

Ji cm0f 

3^*“co8d,* 


Fig. 6. 



Wie intensitj of light scattered is given by 


J « 


«p* 

X*' 


n is the number of f^rticles per c.c. 

tlie mean of the squares of the volumes of the 
particl«i. 

X tibe wave-length of tbe incident light 
The c<m<M«tration c (HP the sot is 


e as n.o.p. 
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where p is the density o! the particles, and for ^ same sol 
e remains constant, so that we may write 


®c 


»,c 

\y 


JjX 


M. 

x-'p- 


Ji rj eos^i 

'JSSZ mSS ' ' 

Ji rj em&i* 

Itt fig. 6 the percentage change in the airemge Bm cf tlie 
particlci and the percentage change in viscosity of the sol, 
which, in this cmse was one*foarth the concenlmtion of the 
nsna! stock sohittoii, are plotted against the X-my doses. 
The data are given in Table V. It is rather surprising 
that the percentage decrease in the size of the particles from 
the origin to the niinimiim viscosity }>oint is proportional, 
and, in fact, almost equal, to the fractional change in viscosity. 
After the ininiinuin pint is reached gelling sets in, and the 
{mrticlei show a maximum increase of about one and a half 
times their normal sisie. 


Table V. 


of 

torfifcce 
from focal 
•pot. 

(om.) 

? 

t M flpowd 

tnic.i.; {ueonAt!. 

1 

(seeottdi). 

i P eon. 

5 

i 

! 

f 

®eX. 1 

1 


i 

i 

Perofmtdifti 
idiangein | 

1 me «if 

1 part teles. | 


S'i : 2iH 

; f 

i 24^ 

i --133 

61-3»' &7-5® 

'm 

• -11 } 


1 IBS m 

1 24e 

--m 

7(^3’i 62^ 

*T3 

i -2S ■ 

i ; 

2'S 

! m m \ 

1 2iZ 

\ 


•ae i 

i i 

21 

j 78^ : m. 

: 

r 

{ ai 

S3* i 68® : 

vm \ 

1 +1^ i 

; i 

„ ... __ 

. 

. . . 


“ ___ .. , „ 

... 



Wum^ fwXm of =: 10^ ieeoads. 

Tiai« ndisa n soch dote = ^ mioate^. 


* Hme ttlN^ to sppl/ ^ minuiet. 


D. Gdling afkt th imlidm mmt Aai hm r^mhed. 

(Fig. 1.) 

Although it has not been definitely proved, it i» reaeoEfthle 
and will be assumed that the position of minimum viscosity 
of the sol corresponds to the stage at which all the particles 
are disclbrged; timt is, when tiie sol is at the isoelectric 
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point. The Bpontmmm setting which mkes place after this 
point has been reached is not nearly so rapid as might be 
expe^t^* Obserrations were made on a sol one-Atrd the 
concentration of the standard stock sol. The jper^ntage 
change In riseosity was plotted against the X-ray dose 
{curve I. fig. 7). The samples with which this curve was 
obtained were kept and measured i^atn 31 hours and 
i92*5 houi^ after exposnr© (carves IL and III*). It is seen 



ttot a sample which had suffered the maxiiiiuia ticerease in 
visa^ity had only exeeede^l its original value by 4 per cent, 
after 31 hours. The sample with a dose of 39*5 me., which 
was a little in excess of the completely discliargiiig dose, had 
just mt after 31 hours. It is quite safe to my ihat in tlit 
ca^ of tbei^ sols of low concentration^ the sponteneous 
setting which ensues after the miitimum viscosity point has 
roadbed takes at least several hours for conmktion. 
^n the odier Imndt if irradiation is continued sufficiently 
heyemd the isoelectric }>oint, the sol sets iiitmedialtly to "a 
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clear sttff gel. Tbe rays most be regarded therefore as 
accelerating tbe gelling process. 

Data for the curves of fig. 7 are given in Table VI, 


Table VI. 


Bkt&inie 
of iiqu^ 
surfii^ 
from focal 
•poi <cl««kr). 
ictu.) 

Botio 

(ate*). 

1 


ec3>. 

ii. ^ * 

;* Faoa. 

. 1 

: Fer^^taga 
^ ctianfa 
mfler 

21 ilia. 

Fareeasta^ 
eba^e 
after 
92*5 bra. 

63C.» 

8*24 

1633 

104)5 

- 183 

j -ft-73 

4-43*8 

330 

:21'20 

i 14-37 

10S5 

i -- 27 4 

1 +4-44 

1 

Juit s-et. 

280 


1401 

litm 

i - *^V4 



2:io 

j«’€2 

^ 16^ 

1096 

15'S 



1%^ 

85-20 

4175 

I 19*95 





Ttm» to applf «^li dom = 44 mixiiit^Ni. 
Water tahie of the viscoeiiiieter s= iO’2 »eeotid». 


DlsCOS-Sl<»N. 

It was pointed out in the previous paper that the effect of 
the radiation on the solution is to liberate a number of fast 
^-particles, each of which produces several hundreds of pairs 
of ions. On account of the intense electric field surrounding 
the particles, the ions protluced in the electrical double layer 
will bo drawn out of the field Wfore any appreciable re¬ 
combination has taken place. Jf the nuinWr of jiS-particles 
lost by a colloidal micelle is less than the nnniher of ions 
captured, its charge will 1 h» neutralized, ('alcnlation shows 
that this condition is satisfied. The jwrticles will therefore 
he discharged by the rays with a consequent decrease in tbe 
viscosit,y of the sol. In the case of a hydropholnc sol, 
coagulation and precipitation begin directly tlie isoelectric 
point is reached. The stability of hydrophilic sols depends 
also on a second factor, the hydration. The particles of such 
a solution must be regarded as being surrounded by a ring 
of attached water molecules. When their cliarges are 
neutralized, this hjdration persists and prevents them aggre- 
gaUng and preopitoting. Inst^td, they cling ioge^er, 
producing an increase in viscosity, eventually forming a 
rigid framework or iattiee when the solution sete to a gel. 
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Tii« spontaneous geUing wWoh •«*« »“ f 
electric Mint is reached for any number of parUcles will, 
in more concentrated sols, mask the Irntwl decrwse in 
viscositv. This is happening in the curves of hg. i. m » 
less concentrated sol, however, the time taken for a di8« bare 
particle to find a partner will be verj' much longer, and it 
the exposure is not too prolonged we may expect to study 
the initial viscosity decrease before coagulation has set in to 
any appreciable extent Such a study is made in f- 

The ageing of the sols is dne to a gradual diminution of the 
charges on the particles with consequent slow cc«gnlation. 

Since the size of a colloidal micelle must he taken to 
include the surrounding ring of hydrating water molMules, 

the decrease in size up to the **®**^\”*1 P*"?* j j 
a decrease in hydration. It seems probable tliat the hydration 
will depend upon the charge on the particles, and that tbe 
smaller their charge the smaller are the forces binding 

the water molecules. . , , • . i i. 

Discussing the coagulation of a eenc h.vdroxide sol hy 
radium radiation, Freundlich* states “tliat only the di^harge 
and the decrease in viscosity ap]:»ear to be caused by the 
radium radiation, for the rise in vis^ity also occurs when 
the radium preiiaratioii is removed from the sol at tne 
moment when the viscosity is at a minimnm. In tins 
research X-ray dose# suftietently in excess of that required 
to produce complete discharge will coagulate the sol imme¬ 
diately, and can regarded as accelerating the gc«‘»ng 
process, which in the case of the «ol iiivestigateil in i.i>ction D 
would have taken several honrs ft>r completion. 


SUMMAEV. 

(1) A quantitative study is made of the viscosity changes 
produced in ceric hydroxide hydrosol by X-rays. 

(2> o. In «>l8 of low concentration and with incrMsing 
X-ray doses the viscosity decreases to a minimum, 
then increases rapidly and the sol sets to a rigid 

geL 

i. In more Mncentrated sols the spontoneous increase 
in viscosity which tekw place wlien the partielea 
are discharged masks the initiai decrease. 

e. Tho 8ols become more sensitive to X-rays with age, 
and Ae doses requiiwd to produce Ae tmximuBi 
^to(»ease in vistmsity and to set the »1 to a gel 

* < Cdbid and Ciqrill«y ObradsHy/ p, 486. 
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become Terj mnch smallerj indicating that ilie 
charge npon the particles is decrmuiing. 

(3) a. When the position of miniinnra -dscositjr is reached 

the soi sets spontaneously to a rigid within 
the coarse of a few boors. 

h. An X-ray dose sufficiently in excess of that retired 
to produce the maxininm decrease will set the sol 
to a gel immediately. 

(4) In a particular sol studied the particles decreased in 
size op to the position of minimom viscosity. The percentage 
decrease in size was almost equal to that in viscosity: 
Beyond the minimom point the particles increased in si^^ 
reaching a tnaximnm at the setting point of 1'6 times the 
normal valne. 

In conclusion, I should like to thank Professor Crowther 
for his particular interest, kind help, and advice. He has 
intiiniit^ his intention, in a future paper, to review and 
comment upon the researches carried out in this laboratory 
during the jjast two years on the colloidal state of matter. 
I shonid also like to express my indehtednesstothe Board of 
Scientific and Indnstrial Bescarcb for a grant which has 
made this work possible. 

liepartmeat of Physic*, 

Unircisity of Ucading, 

June IdSS. 


XLII. On the Thermal Measurement of X-ray Energy. By 
J. A. Cbowther, M.A.f Sc.I)., f\Jnsi.P., Pro/estor^ 
of Physics in Out Vniversity of Beading, a»ttf W. K. BoK©, 
3/..4., /i.-Sc., F.Inst.P., Lecturer in Phydes *. 

Introduction. 

ri'^HE experiments described in this paper were com- 
X inenced early in 1926 to determine the relation 
between the ionization produced by a beam of X-rays and 
the energy of the beam. The matW is of importance both 
from a theoretioal and a practical aspect. In the first place,, 
early experiments, as for example those of Bntherford and 
MclJlong. indicated that the work spent per ion daring 

* Commimieated bjr the Authors. 

PUL Mag. S. 7. Vol. 6. Ho. 36. Srpt. 1928. 2 B 
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ionisatioii bj X-^ays was considerably greater than the 
ioniaing potential of the gas iotiissed, and it is desintble 
that this result should be tested further. In the second 
place, it is generally agreed that the most suitable method 
of measuring cjuaniities of X-mys is by the ionkation they 
produce in some suitable form of ionkaiioti chamber, and 
it is clmrly desirable that experiments should be made to 
determine exactly what it is that an ionix^ftion chamber 
m^sures* At the time when we commenced our work 
there seemed to be no adequate data on this {mint, and it 
was hoped that such data might be supplied by the experi¬ 
ments we bad in mind. 

Neglecting secondary effects which may prcNJoeed 
by the presence of the electrcKles used for measuring the 
iouixatioii current, the number of electrons produced per 
«nit volume of air by the jmssage of a Imam of X-rays can 
depend only on tivo factors, the energy* conveyed by the 
beam, and the wave-length of the radiation, and can tm 
written in the form I = ^(JE, X). If the %*alues of E and I 
can be dc^termined for a suttieient numWr of values of X. 
the nature of the function can be determined. The ioiuag:a- 
tion, I, can be determined in some siiitahk* tonixatton 
chamber, and the energy E by absorbing the radiation 
completely in a calorimettfr and measuring the energy in 
the form of beat. This i$ what we set out to do. 

The necessity for such measurements seems to have 
become apparent to other experimenters at almiit the same 
time, and during the progress of our eximriments a inntdier 
of such deteriiiiiiitiions have been pnblisned, amongst others 
by Kriegesmann Kirclier and Schinilr. Knicmkampfft, 
and Ruinpl. It apjieared at first sight that fnrther work 
cn our part might be superfluous* Unfortunately, however* 
there was such strong tlisagreeiitc^iit between ilo^ values 

E ublished by the different authors that further investigation 
ecatne iinpenitive. Thus Kriegesumnii finds that tbe work 
spent in producing a pair of ions varies from volts for 
X-rays of mean wave-length 0*;#? A.U. to 132 volts for u 
wavedength of 0*166, and states that the *S*olts” r«Hj!iiriHl to 
produ^ an ion-pair increases as the wave-length ditniiiislics. 
Kirehor and Sebmtte, on the other hand, give a value of 21 
Tolts per ioti-pair, and find that it Is indeimndent of the 
wave-length. Kulenkampff, in a very long and elaliorate 

♦ Krii^iwniima, Pkp*. xxiii. p. X|o 

f Kirvherik Sebmiyt, /%#* znxrl p* 4^1 

% Kukakaanpff, Amm, dw Phfm^ kxlx* p. H# 

I Ituaip, /rntfur xhik p* *Mi (1927}, and xlit. p. mm ilMTh 
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paper, agrees that fche energy spent is independent of the 
wave-length, bat gives Om vaiae as SSdbS volts per pair ot 
ions* Finally, Bnmp gives values for the same quantity 
ranging from 300 volts for long %vave-!ength radiation down 
to about 40 volts for filtered radiation from a hard tube^ 
It wa^ eiear, therefore, that in spite of much reeent work, 
the constant required was still in very considerable doubt* 
It was also clear that its determination was fall of pitfalls, 
anti that great care would be necessary to avoid both errors 
of measurement, and errors in evaluation of the constant 
from the measurements taken* 

(weneral Plan of th^ ExpmimenL 

The radiation was produced by a Shearer tube working 
<m a iwo-kilowatt transformer, and having a molybdenum 
antieathode. Two windovrs in the closed with 

aluminium foil 1/20 mm* thick, allowed two narrow pencils 
of rays, one vertical, the cither horizontal, to leave the tube. 
The horizontal baum passed tliroiigh a small ionization 
cduimber A, having parallel plate electrodes of aluminium* 
This chamber %vas used for conifiiirison purposes only, as a 
means of eliminating the effect of fluctuations in the output; 
the actual tmsasurements used in calculation were all iiiade 
on the vertical lieani. ITie tube was controlled by adjusting 
the supply of air to it by iiieans of a micrometer air-leak* 
As the tube is self-rectifying its condition cannot be 
determined with any accnraey by means €»f a s}>ark-gap, 
since the spark-gap measures only the jieak potential in the 
circuit, which, in the case of a self-reetifving tube, occurs 
in the half wave which does not puss through the tube* 
The peak potential, wdieti the tube is taking a current, will 
clearly lie less, and may be considerably less than this* 
To overcome this diflGiculty a mtUiammeter with an open 
scale vras inserted in the tube circuit, and an A*C* voltmeter 
wus eonneeted across the primary terminals of the trans¬ 
former. It was found, experimental It, that a given pair of 
readings on these inslrumeni^ corresponded to a definite 
state of the tube. If, for example, the voltmehu* was set, by 
adjusting the primary resistance, to read 155 volts, and the 
inilliammeter, bj adjusting the leak, to read 3 milliamperes, 
the output from the tube was of definite quality and inten*^ 
sitvt which was found to ^ reproducihle at any time to an 
accuracy of at l^st 1 per cent. This tnetiiod of regulating 
ih# tube is much more convenient than the use of a spark- 
gap, and seems to he at least as accurate. 

f D 8 
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Tho anticfcthodo ond of tbo tubo wns officiontJy vutor** 
cooled. It was, however, of the utmost importance to 
prevent any thermal radiation from the tube from reaching the 
^lorimoter in which the X-ray energy wm measur^. 

A “water-shoot” was tfiereforo introduced between the 
tube and tiie calorimeter. This consisted of two jwmllel 
sheets of stout bra«i with a space abont 1 mm. thick 
between them, through which a cmstant stnam of water 
conld be passed. A circular hole, 1*007 cm. in diameter, 
vfts pierced through the double sheets the holes i>eiiig 
covered with thin celluloid sheets to make the system water- 
lizht. This hole came immediately below the window of 
tlm tube and Mrved as the stop limiting the vm-Ucal brnm 
tt«sinir into the calorimeter. Thus all the ener^ passing 
a»ngh the “water-sheet” passed directly into the calori¬ 
meter. Since it is convenient that the honaontal and the 
should be of the same composition, snfficient 
thickness of (wdlopbane was introduced into the horiaontal 
to equalise the absorption of radiation in the vertical 
beam due to the water-eheet. ^ efficiency of the water 
screen is discussed in a later swtion. . , 

After iienetrating the water scr^ the vertical ^m 
mssed either into the calorimeter, which is described later, 
m into the ionisation chamber which was used p a standard 
for the axperimeut* Tbii wat fumiabed with a 

' shatter, actuated bv a carefully graduated micromet^screw, 
which limited the beam entering the chamber. The ^t- 
lecting electrode of this chamber could be connected, whmi 
dMitM, to the same electroscope as that attached to the 
comparben chamber A. A standard mica condenser could 
alao'w connected to the electroscope when necessary. 
The details of the lonissation will be diMMisfed 

more fully in a later section. 

The course of the exjieriments wa-s as follows. I he <»ion- 
meter was inserted in the r«th of the rays. Tbe standard 
ionisation cliamber was ent out of the electroscope sysUuii, 
leaving tbe ismiparison chamlier A attached to the electro¬ 
scope and to tbe standard condenser. The lube was then 
excited, and kept working i» its standard condition until the 
deflmdon of the electroscope indicateil a rise in fmtential 
of approximately one volt. The actual voltage was then 
measured by means of a potential divider in the nsual way. 
The total charge which the X-rays had allowed to paw 
aerma tbe comparison chamber during the run conld thus 
he meaxared. The ewadenser used was a snyivided roicro- 
fxTffd, and the charge conveyed across the lonixatioti ebamher 
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in a single ran was usnally of the order of a microooulomb. 
As evidence of the certainty with which the tube condition 
conld be reprodnced^ it may be mentioned that the time 
taken to prodnce a charge of one microcoulomb on the 
condenser for a given setting of the tube did not vary 
by more than a few seconds in abont eight minntes, over 
a period of some months. 

In this way determinations were made of tlie heat pro* 
dnced in the calorimeter in relation to the charge conveyed 
acr<^ the comparison chamber. The calorimeter was now 
remove<i and the rays allowed to fall on the shutter of the 
standard chamber, which was now connected to the electro- 
scope system. The standard chamber was charged to a 
potential of opposite sign to ilu^ of the tmmp^ison chamber, 
and the area of the shutter waft adjusted until a ludaitoe was 
obtained in the electroscope with the rays pacing dtrough 
both chambers. In order to increase me sensitivity, me 
condenser was removed from the system during Iwlancing 
experiments. It was possible to balance the two currents 
to an aosuracy of one part in a thousand. Balances on 
difTerent occasions, however, were only consistent to about 
one per cent. Tb^ variations proi»biy indicate the limits 
of certainty to which the tube conditions can be controlM. 

Assuming the whole area of cross-section of the vertical 
beam in the plane of tlie shatter to be known, the ionisation 
which wonld have been produced if the whole of the X-ray 
energy which is absorbed in the calorimeter had passM 
through the standard chamber, is equal to the itmizaiitm 
as measured in the comparison chamber multiplied by the 
ratio of the cross-section of the whole beam to the aperture 
of die shn^r. The resnlts of thf»e demrrninations are 
given in Tables HI. and IV., and a more detailed account 
of the observations in the following seetioa. 

Tkt Eimyy Measurtnumti, 

The accuracy of the energy measurements depends on 
onr being able to idworb the whole of the incident X-ray 
energy, and to transform it into heat at the proper place. 
Owing to the pbrnaomma of scattered, jBoorescent, and 
corpnscttlar radios, it it impossible to find a surface 
which will do this. The only reliable method is to pass 
the radiation into a box, the aperriire of which subtends 
a tnffieimiUy smatl angle at the surface on which the 
radiation actnally falls. From the point of view of ease 
of measurement a tbwmoooaple imule of thin foil presents 
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many advantages. A suitably desipneii tberwoconple vdll 
show a rise of one or two degrees when placed in a powerful 
beam of X-rays. It seemed, however, to be practically 
impossible to 'determine with any certainty what fraction 
of the X-ray energy would be lost hr Mcondary radiation 
from the surface, using, as we were, beteroMneons brains. 
The fraction so lost would dejwnd on ^e character of the 
radiation used, and from our estimates roightconcervahiy he as 
high as 10 per cent. The calibration of such a Aermocouple 
aim presented difficulties. We decided, therefore, in favour 
of a oslorimeter, nsng oil as the alisorbing medium. 


Fig.l. 



X-ray tube, “ water-dwet,” and adarioietric apparatus. 


Calculation showed that, with the dimensions employed, tlie 
proportion of the energy lost was of the order of I pr 
cent. Its exact determination was thus not of any great 

importance. , , , 

Actnally, a pair of similar calortmeters was employed 
(fig. 1). Each calorimeter consisted of a vertical cylinder 
of thin fdated coppr, 2'8 cm. diameter and 2 cfffi. Wgp, 
closed at the base by a plated coppr sheet 1 mm. «*«*• 
The colorimeters, snpporied on short ebonite legs, stood mde 
by side in a btaM box B, 3 mm, thidc, ^ top and end 
of which wore movable. top box was pierwid 
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jby a {i«r of holes, each vertically over one calorimeter the 
holes being covered with thin tissue-paper. The whole of 
this box could slide aside on rails R. so Lt the W faLm 

to.! oh.nKora'SJr'’ “>*to«itrdioniM- 

calorimeter contained 
a* i* used in dl-immersed 
tranrformers), in which was located one of the thernioJ 

ihAin*'?* ® distance on either side of 

the janction was wound into a horixoiital helix, whicli, being in 
oil.^onld make the teniporatnro of the jnnetion at the centre 
fairly r.-presenfative of that of the calorimeter. The eureka 
upwards out of one calorimeter through a glass 
tobe, thence over an ebonite support and down through 
second glass tube into the other calorimeter. The copper 
“1^ insulated, pas^d, without any joins, sidffy 
of iK terminals. To avoid any possibility 

of the X.ray apparatus disturbing the galvanoiSr the 

latter was situated in an adjoining room. ’ 

for purposes of calibration, a single-layer pancake coil 

” ® ** diameter, was fastened 

Thl eS^Tif" base of each calorimeter. 

Ihe ends of these wires passed through ebonite in the base 

ioini t « »l»ort distance ontside were 

C f ^ li"" wpper wires, which passed through elmnite 
bushes in the side of the bmss box B. and there joined stout 

^ which a suiall measured current could 

*cf®«n the bra^ Iwx, containing the calorimeters, from 

At *Ti f ««d top with a cardboard 

sheet. (It rested below on a wood block.) Further to 

screen its top and especially to prevent heat radiation from 

^vee«H ^t through the tissue-paper 

wvered We tnto the cdoriinetor, a « water-sheetscreen 

fl IT P“/^®We. This consisted of two plat^ of brass 
IhiT™* ! eeparoted by a rubber edging, between 
^ **tor was mss^, Hom drilled in the brass sbeete 
f,.,, ,. with thin ceilnloid, so that a window was 

for thn pwM of ^ x-rap. Unlike the metat 
I - ' \ *“® water-sheet ’ was not movable, and ite window 

a pmmianetti *t<^, Bmiring the width of the X-ray 
Any semens used to biter (he rays were pkeed 
oetween the X*tey tube and this ” water-shmi." 
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2l»e < 5 opp» wires from ibe therino-jonctions JJ wer® 
ooon^ted dir^y to a /pdvanometer of about 115 obm* 
F0si5tai}^ giving about 23 mm. scale deflexion permicro- 

j-j.* of 1*0 nun. corresponded to 

atrant lo (,/. difference in temperature between the two 
caJonineters. In any experiment, the heating due to X-rays 
or to toe eor^Bt tbrougli the pancake coil was continued 
for about 7 minut®, and resulted in about 1^ cm. galvaito- 
meter deflexion. Owing to the lag of the galvanometer and 
to tbe time required for brat diffusion in the calorimeter, the 
guvanometer did not attain its final rate of motion till about 

Tk •****■ were started, or 2 * minutes after 

tbe tesating tmirent throngh tbe pancake coil was started. 
10 avoid tbe difficulty tlins introduced, and to minimize any 
^ecte due to any slight fluctnation in the running of tbe 
A*ray tube, the total gaivaiiometer movement, corrected for 

1 c*»«* (At the same time, the 

total charge passed across tbe comparison ionization chamber 
was measured.) 

ISfheii no beat was being snppUed, tbe difierence in 
t^peratura between tbe calorimeters deensised to half 
ita i«lue in about 8 minutes. Tbe rate of ixmling was, 
^wever, affec^ by slow beat wavM, chiefly dne to the 
A-ray tube and pnmps. Tberefore all suWdiary apparatus 
was put in action about an boor before any experiment, and 
tele galvan^e^ ^ding was notwl aliout every minute 
^ wnmdeniWy before till well after tbe expriment. 
iA typical set of results is shown in fig. 2.) Tbe rates of 
galvanometer movement before and after tbe test were then 
used to d^oce the total galvanometer reading corrected for 
% uncertainty in the value of any one cooling 
rec OD ^tlic correction atnoatitcfi on the iivemgc to ulniut 
zo per cent.) was minimized, and shown not to be larne, 

initial difference in temperature 
* «*^®”ffleter 8 varying in value and even in sign 
tbrongbout a set of expenments. " 

For tbe heat calibration tbe resistance of the pancake coil 
(in the calonmeter in which X-rays were absortied) was 
^mmencement and end of the experiments. 

beating erf tbe calorimeter was able to be estimated to at 
least an Mcuracy of ^ par cent, (see Table I.), Tbe liestinir 

2 M!SLr^ ^ “ 2 -yoft secondary cell, with abouf 
230 obm renstance in senes. The current was measured by 

connecting a standard cell and table galvanometer across I 
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known part of this raabtanoe ; checks were obtained by 
changing the standard cell, changing the resistance box 
nsed, and by reversing the oimnexions of 2-volt uid 
standard cells. The heat was supplied at about the same 
rate as in the X-ray experiments, and for about an equal 
time. A cooling correction was applied as in the main 
experiments, the pumps etc. being run during some 
teste and not during others. The corrected galvanometer 
defleuon for a joule of energy supplied to the calorimeter 
was ^us e^mated at various times during the course of 
the experiments, enabling the energy supplied during any 
X-ray al»orption experiment to be deducM. 


rig.S. 



Thennid messintnent of mppUed by X-imy beam. 

(DanuiiiM X-my beiuit^ isdiaued by snows.) 


The result of fhe«> espertmente was:— 


Table I. 

Rwistance of Calibrating Pancake Coil. 


Kurskm irir* in odorisMtsr.. 

n „ M<^oatto..... 008 .. 

„ „ oiitsids MiortaMter ......... OSl .. 


AMaaMd sffiKtivs wi itsiww prodaeina bsstiu of SsJorimstcr, 
9-4»^fh»/9 « 9-80 dhitis. 
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II. 

Heat Calibration Experiments. 

Halting etirrtiii O OOB4B amp. (».drop in potential aaroaa 120 ohme 
•muiged to equal e. ui. f. of atan^rd cell* 1 'OIS volte). 

Bate of mietgf enpplj to Gmlorimeter, 0*50(0^)0848)* =« 0*000684 watte. 


Bumlioii 
(min.). 

H 1 66 

t. 2 -.K) 

8 

6 .. . m 

5 1'68 

7 .. ....... 2 ST, 


Oorreoied galvanometer 
daSacion (can.) per joule 
eupptied to eatcirinieier. 

§m 
im 

T* 6 S 
817 
7 ‘i*J 
781 
8 * 1 S 

Moan...... T*00j:006 


Galvanometer deSexion 
(cm.) eoiree^ed fop 
cooling. 


Table III. 

Thermal Measnrement of Energy supplied by X-my Beam 


Serka. 



i^iS i 

I Oil's 




! I-53 «M‘i 

1-62 

1-43 (r:>67 

ll'JjO O'MS 


2 82 1 

2-B7 I O.MB+O'OOB 

2-52 I <0341;* 

2 73 1 


n.... 


f2-16 

s-m 

2m 

. 2«1 


1-015 205^1 

1015 im f 0248±000a 

103 104 f {0-244)* 

tm 1-96} 


ni. 


( I'SO 110 

i'S7 I'lai 

1-37 1075 

l-ai 10!!5 


188,1 

1-24 I OlSBtOOOS 

1-27, f f015l >♦ 

1-21 J 


* Tbe nawten ia brsciets ■» after applying a i |•'{l•r•enlt. rormtloB 
for faaat vadiaston. dascribed in fbe nmci parmimpb. 
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The above experiments seemed largely to have eliminated 
any error due to slow heat waves affecting the calorimeters 
unequally. It remains to test whether heat radiation in any 
appreciabie amoont was {mssing through the celluloid and 
flowing water that formod the window. The temperature 
attained by a sorwn of aluminium foil (A- mm. thick) tliat 
had been placed above Jhe “ water-sheet’ to filter the X-ray 
beam was therefore measured. After copper-plating part of 
the lower face of the foil near tlie centre, a thermo-jnnction 
was soldered <m. The rnnning of the X-ray tnbe was found 
to cause the lower face of the foil to rise in temperature 
between I® €. and C.. according to how good a thermal 
contact there was between the ulnmintnin and the “ water- 
sheet.” That the mwisureroent was not affected appreciably 
by bmt conduction along the thermo-junction wirca was shown 
by obtaining an almost identical result using inncb finer 
wires (i^ mm. diam,). The aluminiam foil was then heated 
electrically by a entail coil placed aliove, and the heat 
reaching the calorimeter for a known temperature of the 
aluminium foil was measured (the X-rtty lube not being 
run}. When the foil was 10® t*. above toe tein|ieralHre of 
tlie room, the amount of beat reaching the calorimeter was 
quite small compared with that received in the X-ray 
experiments. U was finally deduced that the heat radiation 
received from the foil during an X-ray absorption experi¬ 
ment amounted to rather less than 2 per cent, of the total 
heat measured. 

Meaeuretnent the Xumber of Jons produced. 

As tite experiments progressed, it became more and more 
clear Uiat the real difficulties in the exjwriment would be 
concerned with the measnrenient of the ionixation and not 
witii tl»e measurement of energy. The difficulty arises from 
the fact that the radiation from the anticathode of an 
X-ray tube is a mixed lieatn containing eoii^nents of very 
different wave-length and ab8orbabil%. The beams 
in our experiments, for example, contained components with 
a coefficient of uhnorption in cellophane ranging from more 
than 2*1 to something le^ than 0‘4. Let ns a>suine, as 
seems proltable from the resnlts of these experiments, that 
the number of ions prodneeti by a beam of strictly homo¬ 
geneous radiation is proportional to the energy absorbed 
from the beam in ^ toe ionixation chamber. Since the 
coefficient of absorption is proportional to the cube ot the 
wave-length, the ionimtion proattced by tin* long-ware com¬ 
ponents in a mixed beam will be many times greater than 
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that duo to the ahorter wave-lengths, ior equal 

A*, beam Suppose, now, that to inensiire the al»!orbabuitY 

5 the rSiaS^^ thin sheet of absorWng material 

in front of the ionization chamber. This will prince a 

marked absorption of the longer wave-length 

therefore, a large decrease in the measured ionization. 

The more penetrating small 

absorption in the sheet; but as its ionizing **““ J 

the pLence of this iienetrating hotter 

not Lmpensate for the loss of the softer radiatooa. In other 

wtSX i.nU.«o» ...rthoJ »m ov.re.tta»te 
M enerev absorbed from the beam. Conseqa«n%, any 

oJX taciou o! 11 ,. ™.,g7 •'n'*'.!" “ 
ioDiuliog cliamber, m«<l. tr«|» ■•mSm.hI. of Ow,.),*'"” 
determined, will be seriously in 

We were able to demonstrate this effect quite conclusively 

o” 4.ai.s.. It »«io.»a ti», Ii» 0 

i,.t. the I«.m from ... t.)* r«I«,;^ 

U,; r«I io.i»ti.i. by 45 per « 

The eneruv of the beam as measured calonroetrieailj was, 

nnder actual experimental conditions may 

larce The imiot mav seem to be so e*®*"®”***^, *! 

be ha'rdlv worth making. It is, however, emwly 

and, in fact, several ot the aikulations in the P»P« 

X rav eneriry already mentioned are made on wi* nasi » 
or on the h£is of a mean wave-length cakalated from such 
absorption measnreinents. This probably 
least some of the differences in their results. . 

beam is a mixed one the attempt to translate coefficients of 
absorption into mean wave-lengths can serve only as a rong 
indiartioii of the quality of the rays. Any calculations 
lukjuifi on this metbou are Ihiblo to »eno«!i error. ^ 

As the fraction of the energy absorlied in the ionization 
chamber cannot l»e deduced from absorption **1*®^"*®^ 
we are reduced to determininjj the total nunner o 
formed by the complete absorption of the "J*^*®****"',.^* * 
of air I metre long would only absorb some -a j^r 
cent at most of the radiation employ^, this determination 
Snno? bo directly.^ We can, ‘‘owever, arrive at it 

indirectly as follows. If I i» the intensity of the X-radm- 
tion^e'ioaisation in a chamber contalninij air of mass per 
nnit «Ja dm will be I. dm. The total ionization produced 

hy tlie compote absorption of the beam is tlms j J - dm. 
If It istbe initial intensity of the radiatwn, ibe ionization in 
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the ionization chamber, as measured in tim energy experi¬ 
ments, is lo. Am, where Am is the mass per unit area of 
the air in the chamber and is equal to Ip, where p is the 
density of air, and I the length of the path of the rays 
dtiongh the chamber. The value of 1, the intensity of the 
radiation, can be found in arbitrary units by using a 
amali ionization chamber and measuring the ionization with 
gradually increasing riiicltnmaes of the absorbing material 
between the chamber and the source of radiation. Thearea, 
«, of the curve obtained by plotting I against m will be tho 

required integral, and j- | I.dm the raquired correcting 

factor. 

In practice it is not possible to use air as the absorHng 
material, and the experiments were actually made using 
cellophane sheets. Cellophane Is a convenient form of 
cellulose, and from its com|>osition we mi^t expect that it» 
properties as regards X-ray absorption would not differ 
inarketlly from those of air. To obtain the true area of 
the curve, however, the ionization mast be plotted not 
against the mass of cellophane employed, hut against the 
mass of ttir which wonid prodnoe the same absorption. 
This involves a knowledge of the relative alworbing powers 
of air and cellophane. 

According to the makers, cellophane is pure cellulose, and 
the ratio of the mass absorption of cellophane to tiiat of air 
should thus be calculable from tile atomic coefficients of 
absorption. This calculation gave ^e value 0*84. Owing 
to the marked influence of traces of imparity of high atomic 
number on the ab«orption tthe argon In the air accounts for 
12 per of the total absorption), it was deemed wiser 

to measnre the reqniretl ratio directly. The rays were 
accordingly passed tnrough a wide tube one metre in length,, 
with thin cellophane windows, the tube being evacuated to 
anr desired preraure. The ionization in a suitable chamber 
placed at the far end of the tube could be balanced against 
that in the standard chamber, by means of the adjustable 
shutter. A balance was first obtained with the tube full of 
air at atmospheric pressure. Five sheets of cellophane, each 
of mass per nnit area 0'0243 gm./cm.*, were interposed in 
the Iwaiu, and the chamber evacuated until the balance was 
Tutored. The redaction in pressure required was found to- 
be tlT'S-. and 67*5 cm. for the three classes of radiation 
used in our experiments, at a temperature of 19^0., giving 
a ratio of air to oellopltane of 0*880, independent of the 
qualitv of the radiation. The experimental value was 
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•mploved in the calcntations. Tlte difference between the 
calcnlated and the experimental values is no doubt doe to 
the presence of metallic imparities in the cellophane, 
sngj^estion was confirmed by an “ash*' test on ilte snbsianoe, 
wfaioh was found to yield atont (^4 per cent, nsli, containing 
principally sodium and calcium as its metallic constitoents. 
Each absorption curve was continued until tbe ionization 
had been reduced to 3 per cent, of its initial value, so that 
tbe true area of the curve could lie determined without 
uncertainty as to the nature of the end radiation. The 

IP* 

values so obtained for (he factor y I I.dm are given in 

the fourth column of Table IV. 

A further correction is necessary to allow for the radiation 
scattered out of the direct beam. The ionization dne to tbe 
scattered radiation is clearly not included in the ionization 
measurements. If E is the energy of the primary lieam, 
ft, the mass coefficient of absorption, and <r the mass 
coefficient of scattering, then the total energy S scattered out 
of a narrow pencil of rays is given by 

8 = 1 «rE«~'‘"d«n SB E. 

.0 ^ 

Unfortunately, we cannot apply this relationship tlirectJy to 
our measurenients, for, as we have already |K>inte<i out,'ihe 
mean wa%'e-length, however calculated, is only a very rough 
test of tbe quality of a heterogeneous beam, and the 
coefficients of absorption, as deduced from an absorption 
curve, are liable to be in very serious error. 

The only adequate solution of the difficulty is to analyse 
the radiation sjiectroscopicaily. When the dLstrilmtion of 
energy among the variuns wave.lengths is known, tbe 
relation already given can be applied separately to each 
constituent of the heterogeneous team, and th« value of S 
for the whole cun thus be determined. Portuuateiy, 

Mr. L. G. Treloar has teen engaged for some little time in 
this laboratory in analysing iiie radiation from a 8hearer 
tube under different conditions, and we have lieen able to 
select from bis results, which will shortly te published, 
distribution carves corresfHmding to the eoutlrtions of 
working la our experiments. In this way values were 
obtained &r S/E for the three types of radiation used in our 
experiments. Tbe total measured ionization is due to the 
absorption of E—S units of energy, instead of tbe E units 
measured in tbe calorimeter, since S units Imvc laHin 
lettered from ^e team and produce their ionization 
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ebwwlwre. To obtain the true value of the energy apent per 
ion we maat therefore multiply onr measnred energy by 

—jg—• The calculated values of this ratio are given in 

column 5 of Table IV. 

Although the method s^ms sound, the calcnlatioii of the 
scattering correction is probably the least satisfactory part 
of the work. The values for the scattering coefficient <r and 
the values of ft. the mass absoiption coefficients for different 
wave>Iengtbs have been calculated from tables of values 
collected by Compton. In spile of the large amount of work 
which has been »ione on toe subject, the values given by 
different authorities are not in very close agreemimt, and we 
have nut felt justified in giving this correction to more than 
two significant figures. An error of 10 per cent, in 
Intimating B/E only introduces an average error of about 
3 per cent, into the correcting factor, and we consider that 
the latter should be correct to this amount. It may be 
mentioned that the coefficients used in calculating tbe 
scattering correction are the only data employed in onr 
calculations which have not been directly measnred in onr 
exjteriments. 

MeamremmU md RetuU$» 

It will be appreciated from the previous sections that the 
determination of the energy spent per ion for radiation of 
given quality involved a very considerable amount of 
experimental work. On the other hand, owing to tibe 
imssibility of deterioration in the tube with prolonged 
usage, it was desirable that the experiments should not be 
unduly prolonged. It was decided, therefore, to ooucentrate 
on three standard btaims : (I.), with tbe tube running at the 
highest potential at which It was possible to secure steady 
working, about 55,000 volts, and filtering tlw radiation 
through 0*3 mm. of aluminium ; (II.), wiiii the tube as in 
(!.), but with a filter of onl^ 0*1 mm. of alumimum ; and 
(111.), with the tube running at the minimum potential 
which would give a beam of sufficient intensity to maisure 
calorimetrically. This radiafloja was also filtered through 
0*1 inra. of aluminium. The water screen was, of course, 
present in all expeiimeats. These limits were fixeii by the 
capacity of the apparatus, aud the average quality of the 
radiation in the Utree beams did not differ very widely, though 
the difference was appreciable. The initial mass coefficients 
of absorption in cellophane were 1*0, 2*0, and 2*6 respeo> 
tively, but as we have already poinUtd out, tbe coefficient 
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of absorption is net a rsliable index of tbo nrorage quality 
of the radiation. A better estimate may perbaps be obtained 
from ^0 area of the absorption carve. For bomogeneons 

radiation the value of I.dm is equal to If we 

write -i-«r 1 ^ perhaps regard Jk as a 

A* *0^0 

kind of mean coefficient of absoiptlon, and the corresponding 
wave-length as a mean wave-length. ^ The values of fi in 
air deduced in this way are respectively 0*66* 1*12, and 
1*48. The wave-lengths which wonld correspond to these 
absorption coefficients if the radiation were homogeneous 
are 0*60, 0*68, and 0*75 l.U. The range is not a very wide 
one. It is hoped to extend it in the near future, when more 
powerful apparatus is available. , , , , . 

Tbe calculation of tibe energy expended by the rays for 
tile production of a pair dE ions was made as follows, llie 
cdorimetric measurements recorded in Table III. give the 
energy in joules wllected by the calorimeter daring 
the Mssage of one microcoulomb across the comparison 
chamber. Tbia corresponds to tbe pa»«ge of one micro- 
eonlomb smross tbe standard chamber when tbe aperture 
of this chamber is adjusted for compensation. Tbe shutter 
reBdiDg,a,for this balance is given in column 3 of Table IV. 
•nie area of the aperture is the shutter reading mnlUpiied by 
the width, d, of the aperture. If the whole beam bad passed 
through tbe ionisation chamber, tbe ionisation produced 
would be increased in the proportion A/ad, where A is the 
cross-section of the beam at the level of tbe shutter. This 
area was determined geometrically, the necessary readings 
being made with a catbetometer. The valuo obtained this 
wav was 12*96 cm.* Measurements made by exposing a 
photographic plate to the beam gave a value of 13* 1cm.* 
two metboils are thus consistent to I per cent. 

The ionixation pro<lnce«l in a layer of air of unit mass {Mir 
unit area is obtained by dividing by tbe length, 1, of tbe path 
of til* ray* in the ionisation chamber, multiplied by p, the 
density of the air. Tbe total ionisation which would have 
been produced by the complete absorption of the beam is 

III** 

obtained hr multiplying by ^ I.dm*T, the values 

of which are given in column 4 of Table IT. Tbe 
ionisation is ti»«» obtained in inicroooolombe. The fraction 
of the whole energy need in producing this ionisation is 
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—g—. H«nce, since 1 ionic charge is eqnal to 1*591 x 10"** 
iiiicrocoaloinbs, we have finailj 

Joules per inicroconloinb = x .h,. —^ 

^ i / A I K Qu * 

ergs per ion pair ^ 1*591 x 10~“x 10% 

or '‘volts’’ per ion pairss x 10^ 

The values of the various quantities are given in Table IV. 
In caieulatitig the last coltiinn, a small acldttional correction 
has been applied for the absorption of the beam in the 
«*olttinri of air between the calorimeter and the standard 
icinixation chamber. Tliis corr**ctiofi varies from 1*5 pier 
fciit. in set I, to 3*6 per cent, in set III. 
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A ar^* of fjwtjn at ahuHer^ss 12*90 
f/ js:; width of shutter =:0‘t>(>3 oiiu 
I ^ length of of ray# i» etu. 

of air afc a£^ fS9 laia. 

PUeussion of Results. 

The results of the ex{X‘riiueut.s ar«? ooliected in the last 
eolautii of Table IV., on the whole, are in very satisfac¬ 
tory agreement. There is no eviiien<X} tluit the energy 
ahstracte 1 from a beam of X-ravs for the production of one 
pair of ions varies with the quality of the radiation over Uie 
mtige of our experimenis. and w'e are justified in combining 
the results of the three sets of experiments. The measure- 
tnents of the constuits for the apparatus are certainly 
correct to well within 1 |»r cent., and tho same implies to 
the measurements from which culumtis 3 and 4 of Table IV. 
PkU, Mag, S. 7. Vol. 6. No. .3fi. Sept. 1923. 2 E 
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wArn eftlcolatad. as these nieasnreinents were made by the 
balance method, which, for comparatively large loniwtion 

.SK .. tel to a™i •!«>. i» "p; 

F“Mr3v 

(gi™ i-jf >« ±"f 

KLlirth* "“g''*®*'”**" •* 

as onr"final result 42'.5 + 0*4 volte per «on P*V‘’, _ . 

There are however, two factors which might affect the 
mean Talae ’ The firat i* the scattering correction which 
“r alreadybeen diLnssedin deUil. *e «mss co^; mot 
of scattering for air was taken as 0164, and the coel&sieius 

of absorption for prions ^ in 

table of mean values given by Compton. Any errors in 

coefficients would affect th. three f 
very much the same extent. ‘‘’tJ 

correction is not a very large one, so that 
valnes used in the calculations would require to ^ 
considerable error to produce any appreciable error in ot.r 

**^The remaining factor which I'm 

Affietene.v of the stan^rd lonixation chamber. It m«} im 
dMireU?, therrfore, to describe it »ime>vli.t ' 

The collioling electrod. .0 ..Imoioiom pU«, -Um. 

sonare furnished with an alnniimnni guard ring 9 c . 
Xro The charged electrode was an alum.mnm ptete, alro 
! ;qoi«, pkid parallel to the first at a distance of 
2 cm. ^he fioTd aero® the centre of the electrotl^ was thus 
ttJSform to a high degree, and tlie mass of ga* from which 
thft electrons were collected could be determined wit 

rodiatioB passed centrally between the elwtrodes, the 
width td the beam being 0*8 cm. at the centre of the 
S« .wSLi ^ so^sted that any radiation wh eb 
«ShtSei«*ttered from the water-c^l^ stop, which limited 

^beam would not be able to reach the electrodes. I* »»» 

fOTud^xperimeBtally that Um ionhation current 
■ i LJt m tmr heesme satanrted with a potenfaal of about 3W) volts 

, luring Ihe experiments, giving a field of P® ™ 

To obtain tne foil iom«Uon prodacad by the rayi, it ^ 
farther necessarr that the photo-electrons ejected by the 
taction from ie air shall be completely 
ruling the electrodes As It was spiMwUt difficult to 
oblaL £it reliable data on the range of the photo-electrons, 
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tlie matter was tested experimentally, the ionization current 
being tneasnred, by the balance method, with different 
distances between the electrodes. It was found that the 
ionization current remained constant as the distance between 
the plates was increased from 1'9 cm. to 3*0 cm. i^t 
distances greater than 3 cm. the current began to diminish, 
owing to the iinposibiliiy of producing complete saturation 
with the potential available. We can assume, therefore, that 
there was no detectable loss of ions through pboto>electron8 
reaching the electrodes before producing their full ionizing 
effect. Further experiments indicated that the ionization 
current was independent of the material lining the walls of 
the chamber. As far as onr tests go, they indicate that the 
chamber was completely satisfactory. 

It is interesting to compare the value obtained in these 
experiments with those obtained in other recent invrati> 
gations. The very variable valnes obtained by Krieges- 
inanii *, ranging from 282 to 87 volts per ion pair, are 
probiibably ascribable to the unsatisfactory method of 
computing the resolts. The very low value of 22 volts 
given by Kircher and Schmitz * is completely ont of accord 
not only with our own results, but also with th(m of all other 
obwrvers. We cannot suggest any explanation of this low 
value. Kulenkampff *, after a very elaborate and careful set 
•>f observations, suggests a value of 35 + 5 volts |»r ion pair, 
and his work deserves consideration. The energy m^snre- 
nients were made by allowing the radiation to fall on a thin 
silver foil, the temperature of which was taken with a set of 
tiiermocouples. There is much to recommend this method 
from the ex{ierimental point of view. The reduction of tiie 
thermal capacity from the 2 or 3 grams required for a 
calorimeter, to perhaM grmn or even less of the bare 
thermocouple, makes Uie temperature readings ninch easier. 
We abandon*^ it deliberately for two reasons : iiratly, the 
imposriyiity of knowing what fraction of the incident 
energy might be re-radiated as scattered, flnorescent, and 
corpuscular radiation ; and, secondly, the difficulty of cali¬ 
brating such a system. 

Both nneertainties seem to attach to Kulenkampff’s woi^. 
Apparently no oorroction is applied for the re-radmted 
energy, though this might possibly amount to as much as 
10 per cent. Two methods of calibrating the tbermocouplo 
system were tried, and differed by 10 mr cent. Hie omkb 
of these results was used in the calcolations. If the higher, 


* Zee. eit. 


2 E 2 
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Md apparently the more «»liable, estimate had 
the final valoe wonW have been increased by about 5 per 
cent. These possibilities are probably covered by the very 
aenerons marlTn of ±5, KnlenJuimpfiE allows to Im 

mean value. The points which we have rai^, however, 
indicate that the true value should lie somewhere near the 

"^Ihereremfin finally the experiments of Hump *. 
values range, as we have already mentioned, from atout 
300 volts ion for very soft rays, down to round aWat 
42 volts per ion for heavily-filtered radiation from a har 
tube. Tim large values given for the .soft f 

undoubtedly due to Ws ffj "S 

with his oirvaaons, as we have alreadv imint^ ontm m 
earlier section of the jmper. It is only fair to ^ 

state that he reoogawes this in the ^nclndmg paragraph* 
ST Ws paper; but as he bad not taken the m^nreme^nts 
neoe^arv tor a proper oalcnlation, he has to ^ ratisfi^ 
with siigL'esting that the lower values obtained with tlie 
filtered fadiation are proWbly the more corrc t. The efleet 
of filtration is to concentrate the radiation towar.ls the short 
wave-length end of the sf.eetrum, and thus to reduce its 
heterogeneity. His values for filtered radiation range from 
about 39 to 44 volts per ion pair, with « prolwble mc.iii of 
about 42 +. Thev are thus in close agreement with oiir 
results, although they apply to a very different part of the 

*^^ming up the discussion, we may conclude that the 
energy abstracted from an X-ray Imam for the formation of 
Haf^of ions is not verv far removed from 42 vohs and 
thii there is no evidence that this value vanes with the 
wave-length of the radiation, though lurther endtinj n 
this point is desirable. Since the iomration predm eU by 
X-rays i- ascribed to the action of the photOM-.e,,irons 
produced bv it, it is interesting to note that Meitio-r lonnd 
tor the energy spent per ion by ^-radiation a ni.ue of 

'The ionixation potential of the nitrogen and oxygen 
molecules is almut 17 volts. The energy necessary to 
produce ioiiwod atoms of nitrogen and oxygen from lb« 
molecule is, according to Smyth J, rcjs|iectively » ■ am 
23 volte. It ia evident, therefore, that a very considerable 
portion ef the eneigy of an X-ray Imam is not spent m 

t Hr’lawf&ceifc) «‘Tof ^ ****'■ 

X Smyth, Ptoe. Boy. Soc. ov. A, p. 121 (l^). 
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prodooing tons, but degraded in wma oilier way. The 
most probable meihod seems to He in the prodoetion of 
{•radiation, the very low velocity electrons which are given 
ofP in considerable quantity from the surface of a solid 
on which a beam of X-rays falls. If we a»nme that the 
process of ioniscation commences with the projection from 
the molecule of a { particle, the average energy of these 

E articles would be (42—17) volts, or 25 volts. Our 
nowledge of {-radiation is very limited, but the velocities 
of the particles escaping from a solid surface are of this 
order of magnitude. Investigations on this f^oint are now 
in progress in this laboratory, and may throw further light 
on the mechanism of X-ray ionisation. 

In conclnsion we may consider, very briedv, the applica¬ 
tion of these results to'the ionisation metiiod of mmisaring 
X-radiation. Assuming that the energy spent per ion is 
independent of the wave-length, the number of ions 
produced in an air ionisation chamber is directly pro¬ 
portional to the energy at^rbed in it, eneb pair of ions 
being accompanietl by the absorption of 42’5 volts ” or 
6*76 X 10~“ erg. The transference of 1 c.s.o. across the 
chamfer tiins indicates the absorption of 0*141 erg. Thns 

T = 0-141 rfE, 

where I is the charge collected in e.s.o., and dE is the 
energy absorbed. If t is the “ true mass absorption 
coelBeient of the radiation, and dm the mass of air subjected 
to the rays in the chamber, 

I=()*141 E. T .dwj, 

or for I c.e, of air at and normal pressure 

I =0*141 X E.tx0-00120ss1*70x 10“^Et. 

It mast, however, again be pointetl out that this result can 
only lie applied to boiiiogeneoiis radiation, ns measurements 
made in the usual way on tfie ** coefficient of absorplinn “’of 
a heterogeneous li^ro do not give even an approximately 
correct value for the energy absorption of the Iwam. 

Summary. 

fl) The energv’ of a l>eam of X-rays has been measured 
by converting it into heat in a ca1«»rimeter. 

(2) The energy absorbed from the radiation for the 
formation of one pair of ions in air is 42*5 ** volts.” 

(H) This value is constant over the range of wave-lengths 
employed in the experiments. 
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(4) The qoantity of electricity, I, measured in electro- 
giatic units across 1 c.c. of air at 18® C. and normal pressure 
is mven by 

1 = 1-70.10“* Et, 

where E is the total X-ray energy in ergs 

thnmfth the gas. and r is the « true in^ coofiloiei t of 

S^tion. ^ relation cannot he deteiilS 

geneons radiation, owing to the impossibthty of determining 

T for such radiation. 

In conclusion, the authors wish to express their ®Mi^tioii 
to the Government Grants Committee of the Royal Society 
L a gnint made to one of them (d. A.(^) for the p«rcha«, 
of essential api«ratug. 

Xk!rpiurtsii0{it of Piijstcas, 

The Uaivenrity, R^u»?, 

June 0th, 19118. 


XLlll. Selective Adsorption from Gaseous MtMuresby a 
Oereury Sutfaee formed in the Mi^ure^ ^ V * 
OuPHaKT, 1851 Exhibition Research ^udeint*. 

Introduction. 

T his paper presents experimental evidence which indi¬ 
cates that an expanding mercury surface selectively 
adsorbs carbon dioxide from a mixture of carbon dioxide 
with an excess of hydrogen or argon. The ii^uremento 
idww that within the limits of the experimental error the 
carbon dioxide so adsorbed forms a monomoleciilar layer 
OTor the snrface of the iiiercory* 

When a inercurv surface expainis or is crea^a^ 
atoms of mercury 'find their way from the interior of the 
liquid to Uie free surface. It is improbable that tlm atoms 
of mercury are absolutely symmetrical in the tense ^t the 
forces on neiglilwiuring atoms are independent of their 
orienUtion, and it w unlikely that the fresh atom, of 
mercury which enter the surface are all onented in the wne 
wav. A surface which is freshly form^ m mem will 
su^ilT rearrange its constitnent atoms in snch a way wat 
tSTeZ^in surface is a minimum. This rearrange- 
ment wiH iuik® place very rapidly, so that it is impossible to 

• CoBumwiicated by Sir E. Ratberfotd, O.M., b.lt.8. 
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measure the resulting rapid fall in surface-tension, after the 
formation of the surface, by any ordinarjr means. However, 
when a surface is expanded in contact with a gas, » mercwjr 
atom which comes into the surface with an active end 
outward will possibly remain in such a condition for some 
time, as it is able to form a “ compound ” with a gas molecule 
which may have a life of several minutes. Thus the re¬ 
arrangement of the surface to form one of the lowest enwgy 
will Be delayed hy the adsorption ci a |pa l^er, and it 
b^omes possible to measure the decrease in surfai^tenMim 
from a very high initial value to a lowrer final value which is 
approached asymptotically. The changes in tiie OTrfaoe- 
tension which measure oirectly the decrease in the 
energy of the surface are accompanied hy co^mitant 
changes in the other surface properties. Thus Popeseo 
has ^own that five seconds after the torniation of a 
drop of mercury in contact with a gas the surrace-tensioii is 
above 500 dynes/cm., and that thb falls exponentially to a 
final value of about 400 dynes/cm., tlie time taken ▼arymg 
with the gas. He has also shown that the photo-^TOtoc 
effect obtained at the surface with a given source of light 
shows changes which follow the same general 
Penicea f has demonstrated that the contact potential of »e 
surface against platinum shows changes of the same chameter. 
He has oh-erved that the time taken to reach equiliwnm is 
longer with carbon dioxide than with hydrogen, indicating 
that the former gas is the more rigidly held at the surfa<». 

On the other hand, Harkins$, osing the “drop-weight 
method*’ for measnrtng surfaiw-tension, does^ not oimrve 
any large difference between tiie surface-tension of a 
formed in paeito and one formed in a ns. This would 
indicate either that the gas is not mlsorbed at tim surfw* to 
as to interfere with iti orientation,^ or that the assumml 
abnormally high initial surfeico-tenaon due to the 
orientation in the fresh surface does not actnalij extrt. One 
of the methods for measuring the surface-tension mast mve 
the wrong result, and Ae following experiments have been 
carried out in order to test whether the adsorption of ^ 
does take place at an expanding mercury surface- 
problem of the surface-tension of m*TCHry remains nnsotv^, 
hat tlicse resnlts give definite evidence in favour of tw 
“large-drop method” as opposed to the “drop-weight 
meAod '* for measuring Ais quantity. 

• PopeMO. Ann. d, Fhtr*. lii. P. 

♦ Peruci’a, C. Jt clxxv. p. 61» (1^2). 

t Harkins. J. .4.C.S. 1920. 
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Langinnir* lias measured the adsorption of gas at plane 
surfaces of mica and glass oarefuUy packed into a vessel 
and separated so as to avoid <»pillary 8|»ace8. in tois way 
be obtained a large are . in a moderate volume, and was able 
to measure the fall in pressure of the gas when admitted at 
low pressure into the vessel maintained at very Jow tein^r- 
atnres. It is obviously not possible to apply this method to 
mercury, for there is no conceivable methew by which a large 
surface of perfectly pure mercury could be created in contact 
with a very small volume of gas. For this reason use has 
been made of a comparative method only, whereby the 
change in composition of a mixture of gases is me^ured. 
Owing to the fact that some gases are anparently held to 
the surface by greater forces tlian those holding others, a 
surface which is exposetl to a mixture of should l^me 

covered with an almost complete layer of the more closely- 

held gas, that is the gas whose life on the surface w 
Thus, if a stream of mercury ilrop# be allowed to tall dow 
a column of a mixture of two gases, the more easily adsorbed 
should be largely removed from the t^ of the column and 
given up where the drops collect in a pool at the bottom. 
If it were possible to eliminate the effect of diffusnon tew 
and of the stirring action of the falling drops, it should be 
possible to deduce, from a knowledge of the change in com¬ 
position of the gas at the top, or the bottom, and Oie total 
surtax of the falling drops, the amount of the one gas 
transferred per square centimetre of surface. This yields at 
<»ioe the adsorption in molecules per S4|nare cm. 

Scboheld t has developed an ingenious »H»thod by which 
the disturbing effects may be eliminated and the adsorption 
measured in the case of liquids (ion adsorption from solution); 
and this is the basis of the method by which the prenent 
problem has lieen attacketl. 

d/eZ/nx/. 

Consider a stream of mercnry drops falling through a 
colimin of gas and collecting together at the bottom. As the 
drop forms at the top, its surface is contimially expanding 
so that the surface in contact with the gas i« always one 
freshlv formed. Gas is adsorlied at such a surface very 
readilk and if the atmosphere is a mixture of gast-s, one will 
in general aci»orlw«i mort^ tlmn oth^srn; for 

instance, as we Aall see later, carlion ilioxide is selectively 

s Laagmair, Phys. Rev. viii. p. 1«»{191tt>; J. A.C. .*«. xl. p. 1861 
^^f'^boSeW, Kbil. Mag- i-er. 7,i. p, (1^). 
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«a«orbed from a mixture of this gas with hydrogen or 

"'’%en the drop sepsrates, it carries this 
down with itand givis it np when it 
of metal lielow, for there the 
concentraUon of this gas at the 

while that at the top decreases, but a hroil is soon reached 

Zh^ this concentrarion gradient ceases m fo^ o^mgxo 

the mixing action of the falling drops. This 

largely eliminated by using Schofield s flow ^ ‘.® 

already been mentioned. A stream of the mixed gases, let 

into ll?e colnmn at the middle, divides there 

and a downward stream of equal ve!«i»y, 

from the immediate vicinity of tlie^inte at which *J'® ^ 

tZm an.l where they coalesce. This stream is qmte slow 

bat is snflicient to sweep away the 

down bv the drops as fast w it is given "P 

upper Stream is ibeloL^^s 

that theeoncentratioii change is thereby rendered very ninth 
stnaller than when Um gas is at ^t, and it 
to nse a very sensitive method for morning it. An 
attempt to detect it hy means of tlie different in b^t 
conductivities doe to the difference in f,*”5®*’^®** ® 
case of a mixture of carbon dioxide and hydrogen proved 
iiiiurtive. and this method was abandoned for an improvised 
llavlei. b eas refractometer with tuWs two metres long. At 
a coiHvntnition of 2 per cent, carbon hydrogen 

this proved capable of detecting a change of *(H, J per cen ., 
ami except at the verv highest concentration-, proved 
cntirclv satisfactory. The change measured i.s the ® 

in concentration of earlam dioxide in the two limbs o» the 
apparatus, that is twice the change in I'oncentration of either 

If V be tile volume of iiiercnry falling as dro]>s in one 
second and N tba number* the surface exposed to the gas 
per second is 
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second will be nA. If the volaaie of gas traversing the 
apparatus at a temperature T and pressure P be v, the total 
number of motecales passing per second will be 

«:;-,v 6’06xl0” 273 P 

^ ^22’4xl(»*^ T'^760' 

The transferred molHcoIes will constitute part of the stream 
traversing the lower limb, and a correspondingly smaller 
number of carbon<lioxide molecules will i^veiae me upper. 
In either case the concentration change will be very nearly 

given by Cs* ™ x 100, expresseti as a percentage of the 

total volume passing. C is obtained from the interferometer, 
and knowing the other factors, n may be calculated. Tlie 
measurements are carried out in practice in the following 
manner. 

Kxperlmontal Details. 

The apparatus was arranged as shown in fig. 1. 

Mercury from the reservoir .4, maintained at a constant 
level H, is delivered through a regulating tap Tj to the 
stainless steel nozzle K fastened over the end of the glass 
tube with sealing-wax. This nozzle is perforated with 
twenty-five holes, each of which delivers about twenty drops 
per second. These drops fall down the tube F and collect 
in a pool at the bottom, whence the mercury flows out 
through the siphon S. finding its way tbrougfi Pj to the 
pomp which returns it to the reservoir. The dMign of a 
pump which would circulate the mercury without contamin¬ 
ation has proved th • most tetiions part of the investigation. 
An all^teel reeiprocatin|; pump proved unsuccessful, as it 
seized almost at once, owing to the impmsihility of using any 
kihricant whatever. Abortive attempts at sub«tituling a 
Uqnid (distilletl water) piston for the steel were followed by 
a rotating design, which, after modification, worked very 
Muttsfactorily. 

A drum D (fig. 2) of mild steel, lined throughout with 
s^ing-wax after boiling in caustic soda and hmting to a 
dull red, is mounted on the shaft of the motor M, and rotates 
at about 1400 revolutions per minute. The incoming strMtn 
of mercury is fed through the sfiace between the inner and 
outer tabes of L, and falls throngh the hole H into the 
drum. The bent tulw S scoops up mercury from the 
rotating shell of the metal which Hues D, anil delivers it 
throngh flbeazia of L to the reservoir. Tlie coniiamnil tulm 
L is clamped securely in a wooden block so that it ]msses 
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throogh til® hoi® in the dram azisllj. Thi® arrangement 
seenres great rigidity and permit® the constmction of these 
parts of pyrex glass. The scooping action of S givM rise to 


Fig. 1 



Fw. 1*. 



a spray of tnoroary drops in D, some of which escape tiiongh 
h® clearance s|^oe between L and the dram. To avoid 
thui a Imffle B is stack to the talie with sealing-wax and 
•ndosed in a chamber P, a shallow glass dish, also fixed 
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with sealing'Wax to the dram, and with a hole bored through 
the bottom. A small hole T is bored through the face of 
the dram at the periphery of this dish, and allows the 
mercury which collects in P to find its way back to the body 
of the pamp. This circnlating device runs smoothly and 
silently, and does not give rise to vibration of the bench to 
the extent that the reciprocating types did, while it piMuessM 
the great adrantage of supplying a oontinnons stream of 
mercnry whose rate of flow antomaiioaUy adjnsts itself to 
the rate at which mercnry is supplied to the pninp. In this 
way the level of the reservoir is maintained very constant, 
and the rate of dropping from the noxzb correspondingly so. 

The mixture of gases which is to be used is fed at a 
constant rate into the centre of the fall tube F (fig. 1} by 
means of a Sprengel pomp O with a fall of aboot 25 cm. 
The mercury for this pump is also supplied from the 
reservoir A through Tj, and after use is returned to the 
pump. The excess mercury supplied by the pump escapes 
down the overflow P,. 

The stream of mixed gases divides at the centre, half fuissing 
upward and half down, thence throngh Qi and Q* to the two 
tubes of a Rayleigh interferometer. After tnaversing the 
interferometer the streams pass throngh two glass tubes 
down the axes of which fine platinum wires are sealed. 
These wires are heated by a current and latk-tnced on a 
bridge, ami they serve to maintain an 6r]aal rate of flow in 
each limb of the apparatus, any want of balance lieing 
rectified by adjusting the rate of flow. The eliffcrence in 
conductivity of the two streams, due to the slight difference 
in comj>osition brought about by the adsorption, is not 
sufficient to affect the balance. The two streams then unite 
and are conducted back to the inlet I. A r€fe©rvoir of the 
mixed ga.scs is conneeb'd by a T-piece just before the stream 
reaches I an<l serven to maintain the pres.stire in the sy.stem 
at a constant valm-. A two-way tap connected at the same 

K int allows the rate of flow to lie observed at any instant 
measuring the volume of gas collected in a burette in 
10 seconds. The gas reservoir and the burette are filled 
with pare paraffin>oil in place of water in order to avoid loss 
of gas by solution. Just Ijefore entering at 1 the gas is 
thoronghly dried by pa.ssing over PjO,. A plan of the 
whole system showing the path of the gas Uirongh the 
apparatus is given in fig. 3. 

The whole of the glass parts of the appareins are of 
“pyrex,"* thoronghly <>lenne<i with hot chromic acid and 
distilleif water before nssemhitng. The connexions and the 
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ga» tubes are tliick-walled pressure tubing which had been 
boiled in caustic soda and distilled water, and rubber-grease 
was smeared over the ends o£ all the glass tubes before 
pushing the rubber over. The mercury to be used is purified 
in the manner described by Burden and is of similar 
Quality to that used for other work on mercury surfaces in 
this laboratory. The apparatus was washed through wiUi- 
this mercury till that which escapeil through S was good 
enough for distilled water to spread on it. In order to avoid 
effects due to temperaturt* changes, the whole was assembled 
in an underground constant-temperature room. 

The first mixture of gases used was one containing a 

1%. 3. 



small proportion of carbon dioxide in hydrogen. Before 
commencing an ex|>t‘rintent the ap{)aratus was washed 
through with a slow stream of hydrogen for several hours, 
and then %vith the mixture of gasW until the fringes in tlie 
interferoiiieier showed no niovemeut afterone hour. During 
the preiiminuries the inereury was not dropping in F. 

Tiion the mercurv is allowed to fall from the nozzle. The 
rate of dropping is determined by observing when the drops 
appear stationary and projw'rly spac6<i at the nozzle when 
stroboscopicaliy cxuiniiUHl by means of an ** Ashdown 
Hotoscu^.'* Thi.« setting can he made an average for all 
twenty-five streams, and it ean be reproduced to about 1 j>er 
eeiit. In most of the experiments the rate of flow of gas 

• Buudoa, l^ruc, Phys. Sim. l.i)nd. xxxviii. p 148 (1^^. 
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was about *24 mhm eentimetre par s^oiid in aaoh limb of 
the appamfcos^ and this remained constant for bonrs. Some 
time after coitimencii)^ dropping the fringes begin to more 
and attain a constant dedeaion after two hours. As ibis 
shift became greater than a few fringes, it was compensated 
by tnming the compensating plate of the interferometer, 
llie latter was calibrated for small variations about the 
particular composition used, so that the percentage com¬ 
position change can be at once dednced from the fringe 
shift. By slightly warming the wax Joint at P| tfig, J) the 
colleeting'-tiibe could be slipped to one side and the tiiercnry 
from S allowed to collect for a period of 10 or 20 seconds 
in a measnring cylinder. From the volume thus <K>Ilected 
and the number of drops which have fallen in the period, 
the volume, and hence the area of a single drop, can be 
calculated* The total area of mercury surface exposed to 
the gas per second is tlierefora known, and the number of 
molecules adsorbe I per square centimetre can be obtained 
from the other factors in the manner which has been indicated 
in discussing the method. 


Results^ 

A typical set of ol^servatians is tabulated in Table L 

Table I. 

Atmosphere 2 per cent. CO* in Hf. 

Temperature of mercury 16^*1 C. 

Tottu pressure of gas inside apparatus: 79*0 citi, (P;. 
Teni|ieratnre of g^s 14® C.* 


“ Time. 

(Hfs., mitta) 

Bate of 
Sow. 

<v.) 

Bat« of 
dropping. 
(«-) 

Volinne of dr<ipt 
in 1 oeooiid, 
(V.) 

Compdetboti otiunge 
{frotn fri»|[e eliifl). 
(0.) 

j OA) 

C.C. 


j 1&4C.C. 

0 

0.S0 

— 


— 


QM 

"M „ 

ao-i „ 


•038., 

1.0 

— 



■m „ i 

j IM 


— 

1 

'371.. : 

! 20 



1 

•4a>; 

j 2J0 

«... 


i 

1 

•400 . i 

i 3.0 

n 


j 1-S8 „ 

■400« j 
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Suhstito^n of theM qnaotities io tbe eqnafion given 
oarlier gives for the namber of molecnles of COj adsorbed 
per sqaare centimetre of mercury surface, at a temperature 
of 16°*l C-, from a 2 per-eent. mixtnre with liydrogen ; 

nssK’S X 10“. 


Similar m^surement^ have lieen made 
50 per cent* mixtures of the same gases* 
ftiea«iureiiieiits made on these inixtares 
Table IL 

Tablk IL 

with *5, 5,10, and 
The whole of the 
are tabnlated in 

1 CO^ tn 

5 a. 

Temperature. 

1 6. 

■3x10“ 

15® a 

I :»... 

-ft 

16 „ 

1 6 . 

'T 

16 )) 

i . 

•7 .. 

165 « 

1 m ....... 

•8 

16 


The ohservaiions on the 2-per-eeut. and the 5-per-cent, 
mixtures were repeated on different days and yielded identical 
results. The others are the result of only one experiment 
for each concentration, hut it should be remembered that the 
factors which enter into the calculations are verihed several 
times during any one run. Owing to the very mnch reduced 
sensitivity of the interlerometer at the high concentrations, 
the last measurement is probably in error by as much as 
20 |>er cent, either way, but it serves to indicate tibat the 
layer adsorbed is approximately the same, even at very high 
concentrations, namely about *7 X10** molTCul^ per sqaare 
centimetre. 

For com{«rison with th^e, some experiments were carried 
out with similar mixtures of CO) and the inert gas argon 
in place of the hydrogen, and the results obtuned are 
tabulated in Table III. 

TauLKlII. 


l^r m*t* of 

til 


Tmperalurt* 

5.... 

^xio» 

H®5C. 

10 

ss i 

15 „ 

10 .... 

"5 1 

16 ,1 


j 
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Discussion of Results. 

It is evident from the above t^t at all concentmtioua 
above about 2 per cent, carbon dioxide i» adsorbed at a 
mercury surface to give a layer of very nearly the aaitio 

«,»r. co'W™. TW flu*;?™' 

3ven in the ‘ Smithsonian Physical lables, is 4 i x 10 cni., 
and if we assume the molecules on the mercury surface to 
occupy a square with this length of side, ^ ® 

form a monomolecnlar layer over one square eenti uetie. 
•6x10^* molecules (very nearly) would be required. It 
therefore seems reasonable to assume that a nionomoleeu ar 
layer of CO, is normally formed at atmospheric preiaure on 
a freshly-prepared mercury surface in a mixture of this gas 
wiih a much less easily condensable gas such us H, or “^goii, 
provided that the concentration of the CO5 exceeds . 

“ ¥bVprtLent work deHnitely establishes that adsorption 
does take place on an expanding mercury surfing, and 
indicates that the forces involved are quite 
gas is retained while mercury drops fall through almut 
S cm. If is improbable that the adsorption of this gas 
iias a negligibly small effect on the surface-tension, and 
h^ce a method* for measuring tlie surface energy should 
give very different values in a gas and in a vac am. As 
has been'fminted out, the “large-drop^ methi^l for 
the surfece-tension gives a very high tniMul value ni a ga., 
which falls rapiillv to a value considerably lovi er than iW 
vacunm value. On the other hand, the ‘ 
method of Harkins does not show tliCM differencea. It 
therefore seems probable that the values given by the former 
are more reliable than those given by the latter metli<el. 
The results obtained by Perucea, who measured tlie change 
in the contact potential of a mercury surtaco against 
olatinnm in vacuum and after exposure to various gases, 
also support the view that the surface energy is very different 

ift the tvro ea^s* . 11^ . 

la this connexion it might 1«> mentioned that measurt- 

ments of the surface-tension of water and of aqueous 
soliitions of salt bv the capillary rise method, using a sfMHual 
^ehniqite for obtaining the height of the immmm at very 
.hurt intervals after the surface has li^n 
made by Kleinmann * and others. These indicate that the 

• KleinmaBB, Ann. d. Btjf*. Ixxx. p. 246 (10^). SchiuMt fflrf 
Steyw, Am. d. Phjs. Ixxi*. (182«). 
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inUial $ar{ikO&«tension in contact with gnaos in considcnibly 
hleher than for oi<i«r snr&ces. 

These experiments were carried oat in the Physical 
Laboratory of the TJoirersity of Adelaide daring 1927. 
The departure of the aathor for Sngland interrupted the 
work at this stage, but it is hoped to lie able to present at a 
later date farther resalts obtained with a greater range of 
eoDcentmtions and with other gaseous mixtnres. 

In cunclosion, I wish to express my sincere thanks to 
Mr. B. S. Bardon, to whose inspiration and continned help 
the sut'cess of these experiments is largely due. 


XLIV. Evidence of the Anitotroptf of the L'arl>on Atom, JBtf 
Katblbkk Loksdalb (nde Yabdlet), D.Sc.{London)y 
Amy Lady Tate Scholar *, 

[ N a recent paper the writer has given the resalts of an 
X-HTay examination into the stractares of the fully- 
halogenated ethane derivatives, and has shown that in the 
soiid state the inolecale (^01«i for example, has only one 
plane of symmetry and a pseudo-centre. This one sym¬ 
metry plane passes through both carbon atoms and two of 
the halogen atoms, tibe other four being arranged in pairs 
at equal distances from the plane. 

1. Assuming a truly tetrahedral distribation of the 
carbon atom valencies, tne {jossible symmetric of the (^Clg 
molecule would be : 

(a) Osi (rhombohedral), 

(6) Di (trapezobedral), 

rt) (ditrigonal scalenohedml), 

(d) Ca» (trigonal bipyramidal), 

(«) Dm (ditrigonal bipyramidal), 

according to Uie aymmetry of the chlorine atoms and the 
relative arrangenoent of the two carbon atoms. 

If, on the other hand, the foar mirbon valencies are not 
assumed to l*e alike, the symmetry of the molecule 

may be redotMol. 

2. Assaming that th»re aie three similar A valencies and 
one B valency, then oomhination between two similar carbon 

* Ocanaaideiasd by Ftof B. Wldddii^tmi, F.BB. 

JPm.May. B. 7. VoU6 No.38. Sept, 1928. 2 P 
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atems and six siiailar cldoi-iae atoms could take place in 

metries or else one of iollowiiig * 

(«) A plane througl. lK>th C atoms (i.e. parallel to tl,e 
^ ^ c—o bond) 4- a centre of symmetry* 

(t>\ Two plane.s parallel and one perpendienlar to 
the Cr^t# l>oiid« 

M A pl...« l«r.tl.l to tb. (^C Und (+ . iwtodo-plono 

iierpeiidicnlar to the bond), 

(d) A pkme parallel to the C—C bond (+ a {.seudo- 

eeiitre). . n «i a 

(e) A plane perpendicular to the bon^ 

A dvad axis perpendicular to the C—C ^nd (+ a 

' pseud«>-plane perpendicular to the bond). 

(ff) A dyad axis perpendicular to the C—C bond (+ a 
pseudo-centre). , , , i / 

{h) A dyad axis perpendicular to the C—t. bond (no 
p^o<lo sy m metry). 

(i) A centre of symmetry. 

0) symmetry. 

It will he seen that one of these, (d), correspomls to the 
symmetry actually found. . , • . 

H Assuming that there are two similar A valencies «nd 
twVsimHjir B valencies in the carbon atom, then the tst 1« 
moteeuie might iiossess any of the symmetries («)-U) 

given for 2. ..... r .t 

4 The same symmetries could exist tf only two of the 

four carbon valencies were alike. 

s If all the carbon valencies were different the 1,1 I, 
moWnle could onlv have one of the symmetries 2 (f)-^ (j ). 

TirAxSri.nentil evidence, so far as this particular group 
of^olecSes is concerned, therefore twints to the arrange 
meST^Cd), 3 (d), or 4 (d), in which the molecules would he 

e^‘»ond Wtween the carbon atoms is 
fo^edbv the mutual sharing of two unlike valencies. 

Tff t” JiirhtlT in a ceomettical sense, althoagh such a 
tS would probably imply further differences in 

lliyrical and possibly in chemical profierties. It is possible 
E hrcompJands where Yery heavy or extensile groo|rs 



AnitcAropy of the Carbon Atom. 43 & 

are attached to a carboa atom the lack of ajmmetiy of the 
earhoQ atom mi^ht easily be either masked or enhaiioed. 
There is a considerable amoant of evidence, however, from 
other fields of work pointing to an anisotropy of the carbon 
atom. 

In 1923 Main Smith ^ publish^ a table ^ving extra- 
nuclear electronic configurations it^etl on chemical con¬ 
siderations. According to his arnmgement two of the 
outer electrons of nentrai (mrbon would occupy (2,1) orbits 
and the remaining two (2, 2) orbit*. In 1924 Fowler 
showed that the emission sfiectmin of C + (0II.) is similar 
to that of B(BI.), and concluded therefore that their 
electronic arrangements are similar; that is, that of the 
three outer electrons in C+, two move in (2, 2) orbits, 
wliile the electron which generate the spectrum traverMm 


Fig. 1. 



a (2, 1) orbit. Independently of Main Smith, Stoner 
compiled a ttble similar to his, based principally on such 
spectroscopic evidence. The structure of neutral carbon 
was fully ^nfirmed the following year by Millikan and 
HowenK who exaiuiiied carbon sprotroscopicalty as C+, 
Ct'+,C++4-,0+-t- + + ,and sliowed conclusively that 
ill neutral carbon there are two (2, 2) and two {2, 1) 
electrons. 

Tilts evident^ shows that in all prolmbility the carbon 
atom is of tlie type 3, possessing two A and two B electrons, 
rather than of the other geometrically possible types 2 or 4. 
These A and B valencies must surely be closely related to 
the exigence of die two (2, 2) ana two (2, i) electrons 
in die neutral atom. 

The structure of medutoe mid of its derivatives has 
occupied consideraWe attention on the part of varions 
workers. Metlwne oryitollises in die coMc system below 

2F2 
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—185®’80,, Imt at a tower temperature still there is an 
enantiotiopie transition into a doublj-refmcting modifi¬ 
cation Similarly CCl^, wbicli is ouhio lielow — 
becKiiiies donbly-refriicting at —47^ C* being presumably 
isoinorphous with CBr 4 , which is cubic above 46^ C. hut 
monociinio (pseudo-cubic) below that temperature 
Bridgemaii has found three solid fiiodifiraiions of COI 4 
and of CBr*, one stable at utmospberic pressures (the 
regular fortii) and the other two at considerably higher 
pressures. This indicates that the useful syininetrv of the 
carbon atom, in combination with other atoms in the solitl 
state, may vary with tempemture and pressure. 

Ko complete X«ray analysis of the crystal siructimt has 
yet been given for any of these substances, but 
lias investigated tlie regular modifications of <’Br 4 and 
by means of the powder inetbod, and has placed ibciit in the 
space-group IV (hemikistetrubedral), there^being apparently 
one molecule in^u unit cell, of side 5*67 A. in the case of 
CBr 4 , and 5’8l A, in the case of CI 4 . For nionoclinie CBr*, 
Mark foun«l that tlie unit cell coiiteined eight atoms of 
carbon ami thirty-two of bromine, so that presuniiihly 
polymeri 7 .atioii had taken fdaee, the molecule todng at 
least CjBrg. CXXOfl^, CXCHs )4 are ubo cubic with tow* 
tempemture doubly-refmeting iiuulifications. The regtriir 
forms of both of these have been examined bv means of 
X-rays The molecnle C(XOt )4 ap}»ears to possess 
trigonal symmetry, one NOt group being «nii|«e ; C (CHs)! 
possesses probable molecular symmetry T^. Other sym¬ 
metrically substituted methane derivatives crystaHir.e witli 
tetragonal or lower symmetry In 11^23 Murk and 

Wetssenlterg published an X-ray examination of peiita- 
eiytbritol, C(CHtOH) 4 , the results of which (s*iip|Hisedly 
confirmed by Huggins and Hendrickshave aroused 
much interest and controversy. These authors act^mted the 
class CV given by Martin being unaware that Haga and 
Jaeger liad sliowm by mmm of an excellent I^ue pliobw 
graph that the planes of symmetry supposed to intersect in 
the tetrad axis were non-existent. Various papers referring 
to this imint followed W-X-rays can, in general, give 
no evidence m to the polarity of a crj^staL Mark and 
Weissenl^rg assumed, after Martin, tiiat penta-erythrho} 
is polar, and then showe^l that in that case tie only poi^ibte 
symmetry of the C(CH, 0 H )4 inolecoto is C 4 . Thus the 
molecule would be of a pyramidal shape, the four valency 
directions of the carbon atom pointing along the edg^ of 
a tetragonal pyramid- I 4 eb«« 5 b<*^ had affirmed that th# 
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pyro-eleefcrie positiire rimiiils for tb^e oryslals, 

mid Globe and SOToibe^^^^ had reoorded a {Hisiiive reanit 
for the i>iezo*- 6 lectric test. Armed with thk evidence 
Weissenberg and Reis developed a new stereo* 
cheiniitrj for tlie carlioii atom, t^sed on its possible non- 
tetrahedriil form. Mark and Weissenlierg’s conclusions 
liave not, however, remained unchallenged. 1 . has 

repeated the X-ray investigation, and has shown that the 
results obtained are consistent with either a pyramidal (C 4 ) 
or a sphenoidal (S 4 ) symmetry of the 0(CHsO*H)^ mol^ule. 
This result has lieen ctiiifirmed by S. B. Hendricks and 
by A. Kehmitz^^^ The latter believes that the X-ray 
intensities observed favour the sphenoidal symmetry. On 
the parely crystallographic side I, E. iCnaggs {loc. eii.) and 
later Schleede and Schneider ha%e been unable to det^t 
any evidence of fKilarity in the crystal habit or by mm^nu 
of etch figures, Schleede and Schneider grew a number of 
crystals which ap{>eared to show definite S 4 symmetry, tlie 
Wsiil faces (CK)!} and ( 001 ) being rectangles whose long 
sides were enjssed. Finally. H. Siefert has very carefully 
reinvestigated the crystallographic properties of peiiia- 
eryihritol. He obtained! crystals which closely simulated 
Oa symmetry, but which might might have l>een formed by 
t winning of a lower class of syiiimetry. By culting sectiens 
ptiraliei lo ( 001 ) at both ends of tfae^ bipyramids and 
etching on each of the four faces to obtaineil, he was able 
t« prove that the bipyramids were formed of two inter- 
penetiating bisphetioids ami that the true crystal class is S 4 * 
Ho rcniiirks that he oti^tiiied an apparent pyroelectric effect 
with the crystals, but that, since true pvroeiectrieity is 
ifiipossilde in the bisphenoidal class, the effect is prolaibly 
only u manifestation of the plei^o-electrie effect, and mioies, 
in ibis eonnexioiu tbe example of quarts (see R. E. Gibbs. 
Scieiict! Progress, Ixxxviii, p. 613 (192B), for a brief 
summary of the propertit'S of quarta), for wbieb tbe 
exi$tetii*e of a true pyroelectric effect is also doubtful. 
Hettich and Schli^ede^^^ liave shown that pioEO-electricity 
is emupiitible with S 4 symmetry, since its presence only 
ttidicates a lack of centro-symme^ry. 

Gooley examined the fine structure of the baud 
speciruiti of tiietbane, and found for tbe band at approxi- 
A 

mately 3*31 fH ^ S*7f whei^s for the Imnd at 

7'7 /t, ™ 5*41 cm.~H Dennison^"* disensseJ tbese resulia 

OM tba basb of a tetrohedral molecalo, and showed that the 
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observed difference in ^ for the two Imnds may possibly be 

explained by the assnniption that the CH 4 moleoule pos^ss^ 
a resultant angslar momentnni fixed in direction in the 

I* Goillemin^**^, however, 

used CooIey^s results lo calculate tlie potential energies, 
(i) of a ietmhedral CH* molecule, and ( 2 ) of a pyruinidal 
molecule, and came to the conclusion that the pym* 
midal arrangement would be the more stable of the twu* 
He assumed that the cMirlHin was —^ (and therefore jwlarix^ 
able) and the hydrogens 4 an hypotliesis which is hy no 
tneatis justified. He also accepted Griniin^s^^^ value of the 
GH 4 radius, whicli is about 10 “"® cm,, whereas Wamstjarna 
whose catcuiations for other atoms have lieen fully confirmed 
by the latest X-ray results, gives as the radius of ^Kr, and 
therefore approximately of OH 4 , the value 1*76 A. For 
however, the tetrahedral arrangensent is considered to 
be the more stable, and Guiliemin suggests that a change 
from tfie pyi*umidul to tbe tetrahedral configuration may take 
place on substitution. Havelwk^®®^ has used GuilieniiitV 
figures for the 0—H distance to calculate the molecular 
refractivity and depolarization factors on the Imsis of a 
tetrahedral and a pyramidal arrangement of the methane 
molecule. In each case the values found are smaller than 
the experimental vahns, and Havelock suggests that is 
because Guillewin’s figures are too small. Van Arkel niid 
de Boer^®®^, independently of Gtiiliemin. have made cakni- 
lations for a CB^ molecule in which the hydrogens, being 
are polarizable, and tbe carbon is -fand they have 
shown that the tetrnhedral form is the more stable, both for 
CH 4 and also for CCI 4 . 

Carbon tetraplienyl forms rather poor crystals, and its 
symmetry is not yet fiilly^ aicertaiiied. Wahl has placed 
it in the orthorhombic system as tiie resulf of an ♦-xatii- 
inatioit of its optical jiroperties. W. fl, George has 
examined it by X-ray photographic methods, and has shown 
that the structure approximates closely to the tetragonal 
space-group Did* The molecular symmetry is either B 4 or 
a close approximation to it. No other crystalline modifi¬ 
cation has been found at temparatiires almve — 201 )^(I 
GerstScker, Molier, and Reis have examined thetxmw 
pounds penta-erythritol tetra-nitrate and peiitit-eryihritol 
tetra-acetate. They place the first in the sfmee-group D^ 
and the seomd in C^, with two molecule per unit cell in 
^ch case. Tbe former compound could therefore only have 


molecule of the amount 

2\2w 
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84 symmeiry aod Hm latter C4 or 84 symmetry* They give 
tei^ed on the erystal habit, for believing that the 
moiecttW of {ientii«erythritot tetra«aeetete are pyramidal* 
I* Ji. Knaggs, however, has subsequently pointed out^^^ 
that the spaee^^onp of the latter substance is most probably 
not elk* Her esaminatjon of the crystals by ioniimtioii and 
by phoiographic rae&ods failed to rev^l any trace of odd 
orders of (^1), and thus {Kitnted to as the true space- 

f roiip imd to 8* m the only possible iiiuiecular syminetty* 
he writer, at Miss Knaggs^s request, also examined the 
crucial plane very carefully by the ioiiixation method, and 
confirmed the absence of odd order reflexions. It appears, 
therefore, that no case of a pyramidal arrangement of the 
carbon valencies has as yet been satisfactorily substantiated* 
The X-ray results so far obtained indicate Hiat tlie <mrbon 
atom may be tetrahedral, trigonal, sphenoidal, or a close 
approKttiiaiion to one of these symmetries. 

El>ert and von HarteH**^ have shown that many com¬ 
pounds of the type Cit4, such as CiOOVL^)^ (^00,114)4, 

. O5C. 0114)4, have measurable tlielectric orientational 
poluriunttons in dilute benasene solution, and they have cal¬ 
culated the dipole moments of the molecules. They and 
Weissenberg^^*^ take tlnse jKisitive results as proof of the 
pyramidal structure of tlie molecules in question. It should 
be {lotfited out, howe%'er, that the existeiw^ of a dipole 
moment only »bows that the molecules are not truly tetra- 
h^^dral. It is difficult to see how they can even l>e truly 
spheufiiilal, as indicated (in the ease of OCOHj*Of(^.08^4)4) 
by tlie X-ray results. A carbon atom of the type postulated 
by the writer, having two A and two B valencies, would, 
however, possess a small dipole moment, which would 
probably be greater the more ** elongated ** the substituted 
groups. Williams and Krchma^^^ have shown that the 
dipole moment of CCI4 is negligible. 

Further evidence for the anisotropy of the earlK^n atom 
comes from a cmiisiileration of the polariEation factor 
for light scattered by methane, tetrachlormethana, ate* 
According to theory, if these substances were completely 
isoiropie the dejiolarisation factor should be aero* Gahanna 
and Ills collaborators and Bayleigh.^*^^ have found a^ 

small depolarisation factor, even for the rar#**gas atoms 
He, He, A, Kr, Xe ; for OH4 Gabannes found p = 0*015 
and for CCl4^*^^ p « 0 * 0087 . Other invesiigaiors 
have obtained higher values for GGh, but Gahannes is the 
only worker who has given results for both, nnd he stat^ 
Ae depolarisation facto? is definitely bigger for CH4 
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far GOl^^ Thh ha t&km as itoiiolaBive proof tliat it is 
really the carbon atom which is anisotropic, since when the 
less refrittgant atoms of hydrogen are replaced by the innclt 
more refringent atoms of chlorine, the relative iniportoiice 
of the carbon atom and the consequent degree of aiiiso«- 
tropj of ihe inolacnle will therefore l>e diminished. 

A summary of much of the work in this and other 6elds 
has been given by V, Henii who, however, has qnoted 
Oabannas^s resalbi in snp|>ort of Gnilleniin^s pyramidal 
nmdel for CH^ and tetrahedral model for CCl^. 

Application to Simj^c Cty$tal StrmiuTc$* 

It is of interest to see how snch a carbon atom as that 
snggesttd by the X-ray %vork on the s**ries, having 

two A and two B valencies, will fit in with the X-ray results 
for other carbon tompoiinds. Diamond, of course, suggests 
itself first. Grimm and Somtiierfeld^^> have pointed out 
that C, Si, Ge, and Sn all crystalline in the diiittiond type 
of lattice, and that, aiKordiiig to the Main Siiiith-Stoner 
c!assihc^tion,each of these coiitiiins twoeomfdete sul^groups 
of two electrons each, and requires an extra four electrons in 
order to reach the ( 2 , 2 , 4 ) grouping characteristic of the 
inert gases. Ti»e suggestion inipiie<i, that the electronic 
configuration must be similar in each of these crystal¬ 
line substances, has been vigorously attacked by iliiine- 
Bothery^®^^, who points out, however, that in diamond itself 
all the properties of the crystal indicate that the forces 
joining the carbon ahmis In the lattice closidy resemble rbos© 
which bind together the atoms of a molecule. Thus the 
diamond is extremely bard, infusible IjcIow 5000 ^ and 
pcmsesses a specific resistance of aWnt cihiii-ctn. 

Hie present writer has shown that if C—C bonds in 
diamond are taken to resemble that in the moleeu e 
the cubic symmetry may be explained on the assnntpfion that 
the (AB) electrons forming or contributing to the l>ond are 
alxmluteij mutually shared by the two ciirl>on atoms in 
question, Carbon atoms of the AAAB or ABW^ 
referred to earlier could not fit into a strictly oiibie lattice 
of the dimensions found, and even if a larger unit cell were 
assumed^ the bonds linking the atoms together would not lie 
all of mie kind. 

Graphite is a more difficnlt problem. The accepted 
structure, given independently by Basse] and Mark and 
bj' Bernal is one in which the carbon atoms lie in planes 
in which they form hexa|^nal nets. Half the atoms In one 
net lie normally above half the atoms of a net in the plane 
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beaaatli^ while llte otheir iself lie nc^rnpially above the ceiili'es 
of the iie3ca|:ons of this net* Alternate nets lie atom for 
tiormally above each other. The tetrahedral sym¬ 
metry of the ^rhon atom is thus lost, three of the valency 
direotioiiJt lying in one plane, while the fourth is directed 
apparently at right angles to this plane. As Bernal points 
out, this result is inevitable in any graphite structure, 
daavage sheets of graphite possess considerable hardness 
and tenacity in their own plane, and it is therefore justifiable 
to assume that the Hnhing between carbon atoms in this 
plane is stinilar to that in diamond (fig. 2), consisting 
entirely of (AB) Junctions. 

If tlie sharing is mutual, that is, if an f AB) junction is 
exactly equivalent to a (BA) junction, then the nets will be 
truly hexagonal, ^raal mentions a further difficulty. 


Fig. 2. 
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which is that the carhoa atoais in graphite fall into two 
classes, according us to whether tlteir nearest neighljonrs 
along the [dOOl] direction are at a distance 3*41 or 6*82 A., 
and, moreover, even the distance 3*41 is extremely j,large 
fonijmred with^ the normal C—C dis^nce (1*54 A. in 
diamond, 1*42 A. in the graphite cleavage planes). These 
difficulties are cajtabie of explanation if ^e strnctare given 
in tig. 2 is correct; the projection of the strnctare on a 
plane at right angles to that of fig, 2 is shown in fig. 3 (a) 
or (p). The two types of carbon atoms are now clearly seen 
to he those which have an A-valency direction normal to tl»e 
cleavage plane and those which have a B-valeney direction 
normal (or {tossibly inclined) to that plane. 

It » not known to what class graphite belongs, and 
therefore the space-group cannot definitely be fixed. Ha^l 
and Mark give a list of pt^ihle space-groups, redneing 
t^m hy means of argamenta based on olMmrved inieitstites. 
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Lane photograpiis and £>ruy methods in general cannot 
distingnish between the classes !)»« C«, D«, and 
Hence it is impossible to whether graphite is polar or 
non-polar. If it is non-polar, tlien the fonrtb valency or 
electron orbit innst somehow be symnietriat.1 about the 
cleavage plane. This is indicated by the dotted lines in 
tile diagrams. The argument, of course, applies to any 
graphite stmetiire. The junctions between atoms in 
sncceative cleavage planes are likely to be extremely w^k, 
and, in fact, half of the carlmn atoms may practically be 
regarded as nnraiurated. Hence, probably, the ease with 
which graphite can combine with hydrogen to form a weak 
chemical compoond and the tendency of varions atoms to 
attach themselves to the surface of charcoal (which is 
hydrogenated graphite in a 0ne state of division). 



Fig. a. 
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Another substance the crystal structure of w Inch rctjnire* 
a closer investigation is ethane, C'tHc. Wahl showed'*** 
by the optical behaviour and the rhombohedral cleavage 
tiiat at the temperature of liquid air ethane erystallixes in 
the hexagonal system. Mark and I’obland*^*’ pursuetl the 
investigation by means of the X-ray powder method, and 
showed that the unit cell, of size 4*46* Xd*19* A., contains 
two molecules, characteristic points of wltich are approxi¬ 
mately in the “ close-packed ” positions. The C — C bond 
lies tSong tbe principal axis, the distance Imtween the 
oarboas of one molecule lieing about 1*55 A. Tbe positions 
of the H atoms could not be located. Hiven^*®^ has 
suggested that in i?|H| all tbe (2, 2) electrons and two of 
the (2, I) electrons of tbe carbon atoms are taken by the 
six hydrog^ atoms to complete tlieir (I, 1) orbite, while 
the remaining two (2, 3) electrons form a clceed system of 
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two, tlms making a boiMi between ^e two C atoros. K, as 
is almost certain, however, ethane is similar to he^rachlor- 
otbane in the arrangement o£ the carbon valencies, the b<^ 
between the two C) atoms woald bo formed by two unlike 
valencies. We must therefore see how such a molecule, 
having a plane through the two 0 atoms and two of the 
H atoms, together with a |»8endo;^ntre, will fit into the 
structure recorded bv Mark and Pohland. It is found, by 
examining every geometrical possibility, that in order to 
retain the hexagonal symmetry the unit cell must be at 
least three times the volume of that given by Mare and 
Poiiland. This is not incom|«tible with their results, for 
they themselves say that the method thev used was not 
snfficientlv accurate to exclude the pOTsibihty ot a unit 
cell larger than that given in their paper. Two possible 



structures then present themselves, either of which is in 
agreement with the results found (bg. 4 (a) and io)j. 

The cell indicnted by the powder method is shovvii tmi 
lines. The height of the cell remains unchanged, but its 
dimensions are now 

(4-4fiX v^3)*x8 iyA.», 

and it contains six molecules, each possessing a plane of 


case {«) no ^flexion would be really absent, but 

planes of indices ^ ir^rimllilnbk 

^11 given bv Mark and Poh and) would I'-’Y 

odd inters. 'In the case (f) those orders 

absent, f In the tree cell this would correspond to a hahing 

of planes‘{mO«f) where tin mid.] liow 

is recorded, that from (1123), and even this weak reflexion 
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is rmf doobifiil, sisoe it coincides well wiibin the limits of 
experimental error (given ss 3 per cent.) with the reflexion 
from the (20§2) plane. Until experimental data of mnch 
greater accuracy can be obtained using single crystals 
of etbane, it is not possible to say which of the above 
structures, if either, is true to the facts. 

Anotiter hydrocarbon which is of even greater importance 
is benzene, unfortunately. X-ray results rehiting to crystal¬ 
line benzene are most incomplete. Broome***’ has used 
powder and Lane methods to show that the unit ortho¬ 
rhombic cell contains four molecules, and Mark**’ quotes 
a dissertation by Schneefnsz (Berlin, 1324—not available 
to the writer) m which the dimensions are verified and 
the space-group is given as Q*’, Ql\ Q**, the molecule 
being apparently centro-syinuietrical. Sclmeefusz bas also 


Fig. 5. 
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used X-ray methods to prove that Cgfig, C«Br,, and (’»U 
are centro-syimnetrical, crystallizinji in the tnutioclinic 
system. Similar results for Cei’la and t^Br* were arri%‘e<l 
at iiidejiendently by Plummer**'. If the beiizeiie ring of 
six carbon atoms fiersists with more or le.ss distortion just 
as it exists in diamond or graphite, then again we must 
expect that the C’ —C bonds will consist of (AB) junctions, 
tfiie existence of centro-symmetry definitely eliminates 
the Keknle mwlel with its three double Wuds. Fentro- 
symmetrical models, having no further symmetry, may he 
built up either on tlie Ladenbnrg or the Armstrong-Bacyer 
models (fig. .5 (a) and (h}). 

By an extension of the fourth (intemall valencies, to that 
actual linking takes plac^ within the ring, fig. hih) conld 
be made to represent tlie Clans model. 

In condnsion, it may be stated tltat the structure here 
suggested for thecarlKiit atom, in which two of the valencies 
are geometrically iHffcrent from the other two, agrees with 
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ilie crystallographic detcriniuations on various snbstant^s as 
least us well as, if not better than, tbe ordinary tetrahedral 
model, and is able to exjilain the curious lack of symmetry 
of many siin{de <«rbon ooiiiftonnds. 

The writer wishes to express her indebtedness to the 
(Jouncil of Bedford College, London, for a scholarship 
enabling her to carry on research work at tlie University 
of Leeds. 


Summary. 

The fjossible symmetry of the carbon atom is investig^tetl 
in the light of X-ray results on crystals of C^C1« and 
isomorphons com{>oiinds. A model is obtained having two 
A and two B valencies, geometrically different, and a 
compiirisen is made with the Main Sroith-Stom*r atom. 
Work in other fields is also quoted in favour of a non- 
tetraltedru! carbon atom. A critical account is given of tbe 
controversy concerning pentaerythritel and other symmetri¬ 
cally snlstituted derivatives of methane, and it is shown 
that no case of a pyramidal carbon atom has yet been 
satisfactorily proved. It is found that the model now 
s'iggested will explain the symmetries, as determined by 
means of X-rays, of other simple carbon comfioonds, in 
some cases throwing light on anomalies revealed by such 
determinations. 
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XLV. On tli£ Madialioti 'from the Inside of a Circular 
Cylinder. —Part II. By H. Buckley, M,Se., FJnstJP. 
(From the NaiioBal Physical Laboratory *.) 

I N tlf« Phtlosopbicitl Ma^zine for October 1927 f it was 
shown that the radiation iter onit area front the inside 
of a uniforml V heated infinite circnlar cylinder at temperature 
T°, taking into acconut mnltJple reflexions, was giTen by an 
integral etjnation of the form 

<!>(«,}»se<rT‘+—^*|J^ 

where x and .r^ are measured from the end of the cypdder 
in terms of the radius, e is the einissivity of the walls, and 
w/2.F{u‘) is the radisition from a disk of radios nbity and 
brightness unity «o a parallel coaxial disk of radibs unity at 
a distance x awav, where 

F(x) = {x*+2-a-(.r»+4)l}. 

This equation merely expresses the fact that the r.uliation 
from any point of the cylinder is <qual to the directly 
emitted radiation plus the reflecte»l portion of the radiation 
received from the rest of the cylinder. Solutions of this 
equation were obtained by taking an upproxiiuatiun to the 

kernel - •” where all the /3's are 

negative $. The approximation was also adjusted so that 

,.r.. 

The case considereil was when »«=2, but the extension to 
fligber values of »» is ©isily wade and ia obvious. It was 
also shown that for values of the einissivitj greater than 
0 25 (ue., reflectivity less than 0*75) the approximate solu¬ 
tion obtained with 'n«s2 was quite satisfactory and tkat 

« Cnmaunicated by Sir J. E. PetaveL K.C.B., F.B.S. 
t Baekler, Phil. Mw. iv. p4 768 (l^b 
f WMUilker, Proc. Hoy. Sec. exiv. p. SKT (1918). 
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even witli n=sl tke approximatioii was quite good, 
approximate expressions for tbe kerne! were 


and 




for ! 
for nsas2. 


The 


The solutions in those cases were found to be 
as 1 A + Ag^ 

and #(.r)s=l—(1—. 

where each side has been divided by crT^. 

It is the purpose of this paper to consider tbe case of 
a finite cylinder, and also to apply the results obtained to 
d**dace the briglitness of the inside of a non-radiating 
diffusing cylinder of reflectivity p when iliuininated by an 
infinite plane of brightness B and reflectivity zero at an 
infinite distance from the end of the cylinder. This is the 
problem of the brightness of a vertical circular shaft or light 
well illuminated by a uniform sky. 

A solution is also obtained of the problem of the radiation 
from the inside of an infinite circular cylinder which has an 
infinite longitudinal slit parallel to the axis. This problem 
is of interest, since it approximates to the platinum black 
body primary standard of light employed by Ives *, except 
that emission and reflexion are considered to be perieetly 
diffuse instead of specular. In this case the solution is 
exact. 

The Finite Fadiatinp Cylinder, 

The equation to be solved is 

*"ari 

where I is the length of the cylinder. It is obvious that ihe 
solution will be symmetrical about tbe mid-point of the 
cylinder, so that 

^(»)=sO(i—«). 

This snggests that 4>(a*) is of the form 
4>(ar)=«Ao-t- 

* It(», Joazs. Fnuik. lost, exevu, pp. 147,369 (1924). 
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On wibstitattnK this expression in the eqnatitm above, 
per£(vming the integrations and equating the constant terms 
and the ewffioiente of and on each side 

of toe iNjuation, it is found that 




BA \ 


Oac 

fil 


A, 


Os 


Aq _ A| 


Aj 




A «i—ft «*—ft *»i+i8i 


**+ft ’ 
«»+ft* 


Fonr identical expressions are fonnd from tie coefficients 
of and eA«-»x), as is to be expected. 

Fnrthermore, for i-►3o these equations become identical 
with those obtained in the previons paper for the case of the 
infinite cylinder. 

The first of these equations gives Aos*!, since 



The second and third show that «i and aij are given by the 
square roots of the roots of the quadratic in c. 



which is independent of I, so that the indices of the expo¬ 
nential terms in the solution for the finite cylinder are the 
same as those for the infinite cylinder. It can also be shown 
tiiat 6 1 «j— 

The coefficient, however, are different, and are given by 
the fourth and fifth equations when the values of and Uj. 
are substituted in them. 

The numerical values of the approximate solutions forn—2 
in the case of a cylinder whose length is eight times the 
radius are given below for various values of the emissivity. 

PM. May. S. 7 . Vol. 6. No. 36 . Sept. 1928 . 2 6 
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.=o-5o. 

^n.9K d>/r^ -1-0-5064 <■-«»»-*> 

€_0 25. 4»( ) g-8470*^.o-0080 

««0-10. «I>(ir)=1-0-6680 ^-“**"-0-6680 ^ 

W +0-005.’) 0-0080 


Fig.l. 



Digtribuiion of radwtiou from ibe iiwide of a uMifomly heWed 
finite cylinder. 


The approximate solution for n*l is given by 

4>(*t) 3SS 1 — ^ f 

fl-i- V€)+(l*^ 

^Weli, becomes 

4»{*)*1-(1-Ve>“'^^ 

and agrees with the valne obtained preyioosly. 

Tb^esnlte are shown graphically in fig. 1. .^ before, 

the agreement between the two approximate stdotions w 
anite good for valnes of f grater tton 0-25. It w to be 
jSi|»ted ^t the solution for a three-term exponential 
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1 jP 

approximation to ^ F («) will be very olose to flmt given 

bj the two'term exponential approximation for ibe reasons 
disonssed in the previoiu paper. 

Circular Cylindrical Shaft or lAghl Well Uluminated 
by a Uniform Sky, 

Infinite Cylindrical Shaft, 

The resolts obtained previouslir ^ye the value o£ the 
radiation from any point x, of the infinite cylinder as 

= 1 + A,e***+ 
or I—(I— 

If the end of the cylinder is closed by a circular disk of 
emissivity unity, and consequently of reflectivity zero, at the 
same temperature as the walls of the cylinder, the cylinder 
will approach the thermo-dynamic ideal of a constant 
temperature enclosure. Hence the radiation from every 
point on the wails of the cylinder is complete or b!ack*body 
radiation. Thus, if 0(*) is the radiation from any point 
X in the cylinder when the end disk is in position, = 

Now let 

But 0{x) — <>(ar) is merely the difference between what the 
walls radiate when the end disk is in position and what they 
radiate when it is not in position. What they radiate in 
each cuse is the radiation corresponding to the emissivity 
increased by multiple reflexion from tlie walls alone, since 
the disk at the end has zt^ro reflectivity. Hence the differ¬ 
ence ■'P' (j;) is the radiation from the walls duo to the radiation 
received by' them from the end disk, increased by multiple 
reflexions from the walls. 

Hence — (A,r*»* + 

or (1— v e)<f~ 

The same r>‘Solt is obtained if the end disk is replaced 
by an infinite disk having the same properties as the end disk 
but removed to an infinite distance. It also holds if the 
cylinder is not self.radiating, since what the walls radiate 
due to the presence of the disk is independent of what Uiej 
radiate on their own account. 

If, now, the infinite disk of unit emissivity be replaoed by a 
uniform dty of brlghfasMs B, the sky can be regarded as 

2G2 
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havine *ero reflectivity, so that ike same result still applies 
tf ^*i.TpUcd by iB, and tha refcoUaity »r ojr ;nder 

by I th. radian from Ih. 

when illuminated by a uniform sky of hnghtn^ B, i. s. die 
brightness of the walls of the infinite cylinder, is given by 

'^b(*) = —jrB { 

or 


Finite Cylindrical Shaft* 

The similar problem for a finite cylinder do«« not submit 
to such genwal treatment as is given above, and resort most 

be made to calculation. . j- *« 

The radiation directly received by a disk of radius r at a 
distance « from a radiating disk at the end of a cylinder of 
radius r is given by 


or +4)*}, 

where E is the radiation emitt^ per unit area of the 
radiating disk and ar is expressed in terms of r. 

Hence the radiation received per unit area by an elemen¬ 
tary annulus of width dx at x is given by 

but J or {B,.»'+B^l ! 

Ckmsider, now, a finite cylinder of length f, emissiyity e, 
closed at one end by a dirii of eroissivity unity, ^th disk 
and blinder being at the same temperature. Th^ the 
nidia4m emitted at any point * on the cylinder is ^ 
radiation directly emitted, together with the reflected portion 
of the radiation received from the disk and from the rest of 
the cylinder. 
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4 

1~« 


+^(*) ^F(«—*i)tte j-. 

For the single-term expooentiai approziomiaon the 

^nation becomes 

(?(xi)«€+ ^ ^ 

+j, 

Aaeumiog that 

e{x )» Ao+Aie‘*'+ 

after salMtitating in the equation, performing the inte¬ 
grations, ao<i equating on each side of the equation the 
constant terms and the coefficients of e~*>, and 

respectively, it is found that 






which, when Z->x>, gives d(#)=ssl as before. 

But for the finite cylinder without the end disk. 


0(x)=l— 




(l+v'e) + (l->/e)e-''‘*’ 

_(l-e){(l+ 

which, when f-» oo, gives 

'F(«)»a‘(l— as before. 

Hins tbe_ brightne^ of tine walls of the finite cylinder 
when illuminated by a uniform sky of brighta^s B at one 
end is given by 

,wBi»{(l-h ^ T^} e- 
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For th. t-.o-t.ro. ..p.n.nti,l .ppr..im.tioo H.. »>»«»” 
can be found by assuming that 

0(x) «A«+ Ais*’*++A,<^+ 

“?tE^S?n“t.‘a'Sth. .™r«in..t. 

,L Z, c,H„d.r i. 

those obtained when the difference 

the former problem is ^ ^ ^ ^ j, approxi- 

hetween two solutions, of which at lea irr 

«aS When the difference becomes small it may be 

considerably in error. 



The Infinite Circnlar Cylinder wUh an Infinite 
Lmigitudinal MU* 

OmBio’ .n infiniu cylinder .n 

'^‘.TSlI'Uut tbf r.d»Uon 

flJi^ will be the same for all points on an eleroenta y 

Se^^^SiOT Som an infinite strip of width rd0 in the 

p^ it <? t. tk. point«, in tb. Ung.nt plnn. nt«,. 
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Now, m is the angle between the tangent planes at 8 and 
so tlmt it equals w—(i9j—5*), while 6 and di are situated at a 
distance root a/2 from Uie intersection of the two planes as 
shown in fig. 3. ^ 

The radiation to 0i from the area rdOdy in the strip 8 at 
a distance y from the plane normal to the axis of the 
cylinder and in which the receiving point 8i is situated is 
given per unit area by 

^(8) r d8 dy r* cot* e^2. sin* a 
ir (4r*co8*«/2+y*) ' (4r* cos* «/2H-y*’ 

where <^8) is the total radiation per unit area from the 


Fig. 3. 



elementary strip at 8. The radiation from the infinite strip 
is therefore 


*/2.sin»«rfl?4 

tr ^ I 


dy 


(4r^ OOS* aj% 

On putting * tan this reduces to 

me) W • e^-8,a 


Hence the integral equation giving the required solution 


IS 




^0 


dS 


f *a—m 

.. *;«) 
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On 4 iff«r 0 ntiiiting twieo with i«s})«ct to it is f(wnd UmI 

M that 

wiiero A and B are andetermined constants. Bat from 
4»nadentions of symmetry 

Bence B^Atan Vew/2. 

Since Ae integral e^nation holds for all ralnes of ^; 
<2v—a it holds for so that 

l+Acos v^eir/2+Bsm v'«r/2=e+^^ 


J (1+A cos V^/2 + B sin V«^/2). cos d/2. dB, 

On integrating this eqaation and patting 
B=Atan Vew/2, 


it follows that 


(1—e) ttrfi 


v'ecosffl/2.8in V *{*■—«)/2 + sin«/2.co5V'e('jr—1»)/2 

—(l--c)8in nr/i _ 

^ eco8®/2.sin'*^ €(w-®)/2+sin®/2.co8*^e(d—®)/2 


Hence 


(1—e) sin ®/2.cos ^elir—B)/2 _ _^ 

‘✓ecos®/2.sin ^e(w—»)/2+8in«/2.C08 ^e(ir—®)/2 ’ 


^d)*l-Ceos x/i(n—d)/2, 

where 

_ (I—c)siti®/2 _ 

^ «cos«/2.sin^ e ( ir — a )/2 + 8in «/2.e<»^ <(*■— ®)/2 

Mow, 

Cco8\/«{ir—d)/2 

is the defect ” from black-body radiation as a fonction of 
B and of m, the semi-angle of tits slit. This is shown 
graphically in fig. 4 for Taines of the emissivity of 0*10, 
0*25,0*50, and 0*75 for dsw, 1 .p<»itions directly oppwite 
the centre of the slit. 
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The solution of the inverse problem of the brightness of a 
similar cylinder of reflectivity p, illuminated by a uniforiu 
dcy of brightness B, is easily obtained as 

__ yBpsin mfi.cos _ 

l/l—p cos 0/2 .sin \/1 —p(sr ■— 0)/2 + sin 0 / 2 .co 8 \/l—pC-n-—»)/2' 


Fig. 4. 



])e£Kt of black-body radiatioo opposite slit in infinite cylinder. 


Summary. 

The paper is a continuation of a previous one in which 
the eflect of multiple reflexion from the walls of a uniformly- 
heated infinite cylinder in building up black-body radiation 
is considered, ^e method is now applied to the case of a 
finite uniformly-heated cylinder, and an approximate solution 
is obtained. The results are of interest in showing how 
closely a uniformly-hmited cylinder can approach the ideal 
black-body radiator. 

It is aim shown how ^e brightness of the inside of a 
non-radiating cylinder illuminated by a uniform sky can be 
deduced from the solution of the problem of the self-radiating 
cylinder. This is the mute of a light well. 

The j^robl^ of the ratfiation from tlte inside of a uniformty- 
healed infinite cylinder having an infinite longitudinal snt 
M also solved. In ^is <»se die wilndon of the intef^ral 
equation is exact. The results are of interest in shoimg 
how closely a radiator of the type of Ives’s primary standard 
of light approaches the ideal black-body radiator. 
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XLVI. A Quartz FOve Electrometer. By D. R. 

B.Se., A.Inst.P., Research Htudent, BepaHm^fFhy^, 

University Colleys oj the South- West of tnyhnd, Exeter . 

1 . Introduction. 

fl'^HE qaantity o£ electricity which escapes from a charg^ 

J. body is very small, and it is necessary that V 

of the instrument used to measure it should be sma • 
condition makes it atlvisable to use a small gold-lwf eleo^ 
scope. It has been found that the gold leaf may be repto^ 
by a single 6bre of quart*, rendered conductive by the deposi- 
tiou of a suitable metallic film. In I-reliminaiy 
the fibres employed, approximately 1 roil (2'5x l0 m 
diameter, were silyered by chemi<»I • 

method ultimately proved onsa^factory, the fibos 
discontinuous a short time after their fonnation. , 

disintegration of the metal » in vacuo was fina”? 
and tlm “sputtered” fibres obtained by this method bale 
proved very satisfactory. At first the eif t«c fi-J« 

applied between a single insulated plate and the contaimng 

case, the vertically suspended fibre being illuminated latera j 
and viewed through a microscope against a dark backgroun . 
An “ earthed ” metal cylinder provided with windows formed 
the case of the instrument. It was found, however, that 
this type of electrometer suffered from two serious detwts . 
(a) an erratic displacement of the fibre, which was in e- 
pendent of the electrical condition of the instrument, an 
was eventually tra<^d to thermal radiations from the ig i 
source, incident upon the fibre, causing the metal filin and 
the quart* to dilate by unequal amounts. Ihis effect was 
apparent even when reflected sunlight was used as the 
i!mminai>t; (h) there was a non-linear relation between the 
P.I>. applied to the fibre, and the resultant deflexion, except 
for very small field values. Under these conditions it would 
thus be neoessarv to ealibrate the instrument over the ^^^***^ 
working range." Tlie design of the electroscope was there¬ 
fore modified by using two parallel plates and 
illnminafiion, t. e. the fibre was viewed against a bright 
background. The latter method, since it requires only a 
fiacRon of the illumination necessary in the tormer, doi»^ 
not give rise to any extraneous thermal effeete. 

• Cmmuxueatdl 1^ I^f- E- R- Newman, D,fe, 
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2 . JOeterij^hn of the Instrument. 

The instrument in its final £orm is shown diagrammatically 
in fig. 1. A silrered quartz fibre F is atiachm to a copper 
electrode 0 by a small globule of Wood’s metal, and hangs 
symmetrically between the two electrodes, £| and Ej, of 
sheet brass 2*5 x 2*0 cm. and separated by an air-gap 
7*5 mm. wide. The leads from the plates pass through 
short lengths of quartz tube Q, cemented into the lower 
ebonite cap B and the fibre electrode is similarly insulated 


Fig.l. 



by the quartz sleeve Q, cemented into the upper elionite 
cap A. The case of the instruiiiont is a glass tube D, 
10*0 cm. long by 3*5 cm. diameter, provided with two 
windows Wj and Wg, slightly blown out in order to free the 
glass of air.bnbbles, and, with the exception of the windows, 
it is coated on the inside with a film of silver. S. Contact 
with this is made by the platinum wire P, sealed through the 
glass, and terminating on the exterior in a loop electrwe by 
means of which the silver coating is connected to earth. The 
ebonite cnps were grooved concentrically to fit closely on to 
the cylindrical glass case, this method of assembly enabling 
the instrument to be easily dismantled, if the nece^ty arose 
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for sobseqnent modification in the relative position of 0bre 
4md plaiM. 

Some tiroable was experienced, initiallj, in mounting the 
fibre preparatory to tibe sputtering process, bni after several 
ineffectire trials, the following technique was adopted. The 
selected fibre was sketched across a rectangnlar glass frame, 
its tiro ends being cemented by means of shellac, and the 
frame was then held horieontally in a clamp, rare being 
taken that the fibre was quite olmir of the clamp edgra. The 
electrode serving as the fibre support consisted of a straight 
copper wire, flattened at one extremity, and in this a fine 
groove was cut to receive the fibre. The wire was first 
fitted into its insulating sleeve and cap, and tiie tip was then 
“tinned” with Wood’s metal, care being taken that tiie 
groove was completely filled with the metal. This tinned 
portion was then bent throngli an angle of about 20®, and 
the a^mbly clamped vertically beneath the fibre frame, in 
such a position that the wire was just in contact with, and 
parallel to, the fibre. A well-dieated soldering-iron was 
placed against the under side of the wire, and the Wood’s 
metal melted, a slight downward pressure being applied to 
the stretched fibre meanwhile, so that it sunk into its groove, 
this presture being maintained until the molten metal 
solidified. The wire was finally straightened and the fibre 
cnt to the requisite length, a fragment of glass being 
attached to its extremity to keep it taut when placed in the 
discharge-tube. 

The discharge apparatus used for the cathode deposition 
of silver upon the fibre consisted of a vertical tube in which 
the fibre was snspended. Sealed to this was a horisontal 
side tube which served to connect the main tube to the 
exhaust system. Tlie cathode of 60-mesh pure silver ganse 
farmed a vertical cylindrical tube, concentric with, and 
entirely enclosing, the fibre and the ** tinned ” end of the 
copper electrode. A ctip-shaped electrode of brass snpported 
the cathode. The fibre having been lowered into position, 
its ^mnito supporting cap was sealed down wifih wax and the 
tube evacuated. A10 inch induction coil with a mechanical 
inimrupter was used to excite the tube, and a (mntinaons 
discharge was maintained for 30 minntes. Care was taken 
to protect the under surface of the insulating cap so as to 
prevent the possible formation of a silver dep<»it UfKm the 
ebonite sur&M. “ Spattering” of the silverraadfly oecnwd 
at a prsMore of 5*0 x 10"* mm. <HE mercury, and this 
pressure, after a sadden initial rise, remained constant 
thronghont the period of discharge. 
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Fibres treated in this way were coated with a very nniforni 
and coherent layer o£ metal, and a satisfactory electrical 
connexion between thi; fibre coating and the support was- 
obtained. This is extremely important, since it was always- 
at tile junction of fibi^ and support that dte ehmuically 
deposits layer, used in the esj^lier experiments, became 
discontinuous. Fibres coated by cathode disintegration' 
showed practically no increase in diameter when examin*'d 
under the microscope, and although no direct mmisurmnents- 
have been made, it is estimated that these metallic films Imve 
an actual thickness of the order of 10~‘ mm. 

3. CabbraHon of the Inetrument. 

The instrument was calibrated diieeily by applying known 
P.D.'s to the fibre, with a constant field maintained between 
the two fixed electrodes. 

Measurements of the resultant deflexions were made by 
observations of the fibre image in the field of a telemicroscupe,. 
25 divisions of the eyepiece scale corresponding to an actual 
displacement of 1*0 mm. Readings were taken, for a 
pnrticular field value, ooirespondiog to increasing fibre 
potentials over the range (0'0-2*1 volts), and these were 
repeated at measured plate voltages between 35 and 60 volts. 

Tlte circuit used for this calibration is shown in fig. 2, 
The two plates E, and E* of the electrometer are joined,, 
through the double pole switch K, to the positive and 
negative terminals of a 60-volt JBL.T. battery B, whose centre 
tapping is “ earthed.*’ The switch K is included in order 
that a r.D. may be applied to Uie plates simnltaneonsly, ns 
attempts to excite them separately invariably result in tlie 
fibre flying across the field and sticking to the plate. A 
commutator of the mercury contact type with ite inter¬ 
connecting copper^ strips removed forms a convenient 
arrangement, and by using the two additional cups the 
electrometer plates may be “ earthed ’* when no potential is 
applied to them. The adjustment is useful when obtaining 
the zero position of tibe fibre. 

With the double-plate typo of electrometer it is essential 
that the relative positions of fibre and electrodes remain* 
unaltered whenever the electric field is applied, since any 
displacement whidi occurs entails re-calibration of tlm 
instrument. pd^ntiometer A joined in series with the 
lottery B provides fte neee^ry fine adjustment whereby 
the fibre nmy be restored to its zero position. This adjust-^ 
ment is made whenever the field is switched on preview io^ 
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making a series of observations. A voltmeter V w join^ 
across the electrode leads, and m^ur^ the am.hed plate 
P.D. Varying potentials are applied to the fibre Jb by 
means of the potential divider D. C'onnejion from this to 
the fibre conductor is made by means of 
li, M, and N in a block of paraffin wax- ^ ben h and M 
are joined bv means of an insulated “bridge of copper 
wire? the fibre is “earthed.” On breaking 
and joining L and N, connexion is made with D, and 
the fibre is raised to the required potential. Ihe case O of 



the instrument is “earthed.’ and a water resistan^ R is 
ioined in series with the earth lead from the centre tapmng 
iTs so that, in the event of the “earthed’ fibre touching 
either of the plates, no short-circuit can occur. 

4 . Kxperimmtal JlttuUi* 

The results obtained with the in.strument were very con- 
slateni. and, as was anticipated, the relation ^tween the 
tLtenSal aooUed to the fibre and the resultant displacement 
found to be linear within the limits of experimental 

terror. 
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The displacement Mriod o£ the hbre wm found to he 
comparatively short, the deflexion being complete in approad* 
matelj 5 secs. 

The results of the calibration are shown in fig. 3, and the 
sensitivi^ at different potential difference appli*^ to the 
plates is given in Table 1. 


Fig. 3. 

Mm. 



Table I. 


j Pjr>, applied 
i Ut plaie$ 
j (Tult#). 

F.P, 

: applied t*» fibre 
j (eolU). 

! 

r^extati of 
fibre (ttittt,)* 

Seiiaitirii^ 
mm./roll. = 

1 350 

- 

; 0*42 -210 

ow-o-^ 

0-168 

46^1 

i 0 21 -2 JO 

(HJ7-0^ 

0330 1 

mo 

j 0 21 -210 

OI2-l-a» 

O-FiO 1 

58*0 

^ 0105-0*84 

0-17-1-34 j 

1-560 

50’5 

j 0021-0*168 

\ '■ 

1 

2600 


From the curves it wilt be seen that there is a linear 
relation between the potential applied to the fibre and the 
deflexion over tiie entire range of plate potenlbd, viz. 36 to 
6» volts. y 

At 58 volts, however, the milibration range becomes 
restricted, the fibre b«mg nnstable with an applied potential 
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of 0*95 Tolt This poinia to a eriiieal T^ne in tho noigh- 
bonrbood of 60 Tolts for the nlate potential of the instninwnt 
described, and Ibis result has been oonarmed by mter- 
poktien, using the empirical relation found to exist between 

phite potential and mean sensilmfy. it* 

The <apacity of the instrument, as mwsnred by sharing m 
charge with a quadrant electrometer, was found to bo 
approximately 3 cm. 


5. Seimthditf o/thf Inarvmtnt, 

Sensitirity has been doBned as the actual displa^ment* in 
millimetres of the fibre, per unit potential applied to it 


Fig. 4, 



this has been adopted, since it makes direct immpari^n 
possible with the values found for other 

the above definition, we can exprws the relation between 
sensitivity S and plate potential v by the equation 

S(V-61)*^4'9. 

This curve is reproduced in fig. 4. Patting S**» in the 

potential difference, i. r. the potential at whidi the fibre 

^**It”i8*intore8ting to compare the sensitiw^ wlocs 
those quoted for other electrometers of varying ^rpes. 
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Kaye*, using a modified form oE Wilson^s tilted Imt 
eleetroioope, obtained a sensitivi^ o£ 5*5 mm*/valt oyer the 
mnge 0^8“l-20 volt, with a plate F.D* oE 207 volts. 

Using a double-plate electrometer in whiefi a quartz 
fibre 0*003 mm. diameter was anchored at either eiid» l^by t 
found that with a plate P.D. of 60 volts, the plates being 
1 cm, apart, 1 volt applied to the fibre gave a deflexion of 
0*2 mm. As would be expected with a stretched fibre, this 
value of S is lower than that observed by the author, using 
the suspended fibre instrument. More recently Lindemann 
and Keeley % have devised a torsional quartz-fibre electro¬ 
meter in which two silvered needles, capable of roiution 
about a horizontal axis^ are mounted perpendicularly to the 
torsion fibre. These nobles move in ah electric field betw^n 
two flairs of fixed plates, and ilieir movement is constrained 
hr the torsion of the stispendetl fibre. Witb a fibre 6^ 
diameter and 1*4 cm. long, the attached needles being 17 ft, 
diameter and 0‘9 cm. long, a sensitivity of *76 mm./voTt was 
obtaineii with a plate P.D. of 97 volts, the plate separation 
lieing 0*6 cm. 

The high sensitivity obtained at comparatively low plate 
fiotentsak, and the stability of the fibre over extended periods 
of observation, are ad%untagcs claimed for the present 
i»>$trument. 


6 Su tun tart/. 

1. A description is given of a double-plate electrometer 
employing a single suspended quariz fibre as the moving 
system. 

2. A method of rendering the quartz conducting by cathode 
disintegration of silver is given, with a description of the 
technique developed in handling and mounting the fibres. 

3. Tne results of a direct calibration of the instrument are 
given, and compared with those obtained by oilier investi¬ 
gators using different types of electrometers. 

In conclusion, the author wishes to thank Prof. F. fl, 
Newman, B.Sc., and Mr. V. H. L. Searle, M.Sc., for their 
kindly interest and helpful suggestions throughout the course 
of this investigation. 

* Kaye. 0. W, Pfoc. Phys. Soc. vet xxlii. pp. 2C^il8 (191IJ. 
t l^by, T. IL, Pmc. CimiKlPWl. Bm. vol. xv. m 106-113 (1909). 
t F. A., aud Keeley, T. €., PinL vol xlvii. pp. 677 • 
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XLVII* If€w Bands in tihe Seemidary Spe^^rtm of JSydrogm* 
By D* B* D1O0HAE, M.Se,^ PhM.j Fhym$ Remartk 
I^ibaraioryj^ JGny^s Colleys^ London 

I N the present paper it is proposed to deid with seven new 
bands in the secondary spectrum of hydrogen situated 
in the yellow region* 

An attempt at suggesting possible groups of related lines 
in the yellow region was made by Kiinnra and Nakamura t 
by stndying the eleetrodeless discharge of hydrogen^ and 
recently Curtis % grouped some prominent lines in that 
region under the heading of K, G* and 11 series. As to the 
relevance of the H group, Curtis himself appears to be 
uncertain. Curtises K gronp consists of seven lines and the 
G group six lines. The second dififeretices of thi< G's are 
rather irregular, though the second differences of the K’s 
are good. A^in, there is no relationship betw^een the three 
groups. 

It is now well known that the study of the spectrum of 
hydrogen under the conditions of excitation known as the 
first-type discharge lends a great help in picking out related 
lines on account of their selective enhancement or weakening 
of intensities in such a discharge. A study of the micro- 
photograph of the first-type spectrum plate ^keii by MolFs 
self-registering photometer was made by the present author, 
at King’s College, during the investigation on Fulcher 
systems, and it was seen that, in addition to the Fulcher 
group recently analyse<l by Prof. 0. Richardson, the 
microphotogruph possessed another distinct group situated 
in the yellow region. It appeared from the raicrophotograph 
that Curtis’s K and G series were components of a system 
-of seven Imnds. TTie bands are such that the suec^sive 
oorri^ponding lines in Curtis’s K and G groups stupid as 
P(2ysand P(3)’s in each of the seven bands. Curtis’s G 
group contains only six members. To these I have adtled 
17729*30 (o) as the relevant seventh member. Thh line was 
piok^ up crom the micropbotograpb, and it fits in as P{3) of 
the seventh bmd. Some Q branches were picked from the 
miei^b^gmph, while the rest of the Q hmnehes and 
R branch^ were dev^^loped by examining the behaviour df 
^^coBcimxeir-discharge^ lin€« in the first-type spectrum* 

V Cemiauiiicalsd by Frof. O. W. Riehardsoii, F,R.B. 
t Japui JFimin, Phvs. i* p 66 (192S). 

$ Pii&lii^,ip^(ie26h 



Nmxf Bands in ^^md4mf Sps^rum af Hydrogsn. 4$f 

The hands are naeaed as Di, D*, D 4 ^ D^, an4 Df, and 
their properties and other details are ^veti io Table I* The 
horiaontal and verfcicsal difference are given iu Tabl^ II. and 
m. respectively. In Table I, flie band lines are represented 
by their wave^numbers, followed by (1) the intensity estimates 

S iven in the tables of Merton and Barratt^« Tanafai tf nr 
^eodhar and (2) tlie intensity estimate on the 
plate. The lines from Tanaka^s and Deodhar^s tables are 
marked by the letters T or D nndems^th. The other letters 
denote the properties of the lines as given in Merton 
and Barratt’s tables, with the notation H.P.ssshigh pres¬ 
sure^ L.F.s= low pressure, C.D.sscondensed discharge, He^r 
Helitim effect, Za»Zeeinan effect, and Ss^Stark effect* 
These are followed by claims made by other systems. The 
first and second differences are given in the next two oolnmns. 

The line P(3) figures as Richardson's § 157 Q{4), but 
it is an ntir6s*oIv<^ doublet according to Merton and Barratt^s 
table?*. D»P(3) is claimed as 186R(2)||, but its intensity 
appears to be rather oncertain there. Dj P(2) coincides 
with 201 R(2)^, but its intensity seems to be too great as a 
member of 201 R(w). Similarly, P(2) appears to be 
rather too strong to fit well in Richardson and Tanaka's 
series 81 R(m) •*. It may be pointed out that Richardson 
and Tanaka think 81 R(7) to be double. The line D 2 Q( 2 ) 
coincides wdth I)sQ{5) and with Richardson's 156 Q(m); 
but the fact that it is extremely weakened in the first-^pe 
discharge favours its claim as 03 Q{ 2 ) and D4Q(5) as well. 
Ds Q(3) looks abnormal in intensity. However, its condensed 
di?^eharge nature may favour its position there. DtQ(5) is 
also claimed as 156 Q(5) and 15911(8) ft; Richardson thinks 
that the strength of the line <mn allow it to be a meml^r of 
two series, and owing tn its wakening in the fii^t-tyjie 
discharge, it seems leasonable that the line may have its place 
as Ds Q(5) as well. 17812'35 figures as Dg Q(4) and Dg B(4). 
In position as Dg Q(4) appears be more justifiable t^n its 
position as Dg R{4|* However, as this line is not claimed by 
more series, its a«signment as Dg R(4) may be retained for 
the present. The inNusity of this line perha]^ favour its 


m Phil, Trans. A, cexxll. pp. 
t Hoy See. Proc. A, eviu. pp.l^^ 
t IMd. exiu. pp. ^0-#^ (11^). 

I Proc. Boy. ^ A, mx. p. 2« (1^). 
» lS^p.24tfl9^. 
f Ftm. Boy. A, evi. p. (1021). 
^ jm. evil. p. 617 
tt am. 4s. p. 246 f 1926). 
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TabIuS I. (con<*n«e<i). 

D,P(«). D,Q(m). l)»B(in). 

181 * 

m78*3i(71(4) 1. m20'78 (frf) («*) 1. 
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nUocation to more than one series. D* R(3) is also given as 
83 Q(8) *, bat Richardson and Tanaka think it to be too 
strong for 83 Q(8). 

The horizontal and vertiail differences of P(m), Q(tn), and 
R(ni) lines of all the bands are tabulated in Tables II. and III. 
It will be seen that the ran of the horizontal differences in 
Table II. is fairly systematic except in one or two cases. 
The vertical differences assembled in Table III. show a very 
systematic variation for all the Pfw), Q(«»), and R(in) lines 
of all bands. 


Table II. 


Horizontal Differences of P(i«)V, Qt iM)’.-*, and R(»i )‘s. 


P(^). 



lb-Or 




P(2). 

mm 

14S-53 

147*36 

14600 

144*56 

142i^ 

P(3). 

144S0 

143S0 

14216 

140-^ 

mn 

137 97 

P(4). 

142-79 

14019 

137*30 

134 29 

NODS 


P(5). 

144*^ 

140-66 


13269 

132*07 

I19 7a^ 

Q(l). 

m^40 

140^0 

149«) 


mm 

20553 

<M2>. 

131-30 

143‘34 

imm 

164 37 

182-21 

20710 

Q(3). 

13S*f5 

145^HI 

153*38 

162^ 

18049 

20T%53 

0(4). 

1S7^7 

147-90 

15936 

I6l>47 

ItlSlO 


Q(5). 

I4a*60 

mm 

165^15 

161 ^ 

i^*84 

now 

B(l). 

mm 

136*30 

152*14 

18241 

217*95 

27047 

E(2) ...... 

120*44 

143B1 

16183 

185*72 

230*29 

277*00 

B(3). 

127*66 

153*33 

175*48 

190*81 

^*52 


B(4). 

13^*57 

159*52 

189^ 

188*22 

2595# 

'.W>T9 


Tablk hi. 

Vertical Differences of Pfoi). yiw), and I{(»») lines, 
P(2)-P.3). 


», - . 

... 99® 

117*37 

mm 

», . 

.. 10454 

1I8’88 

133-22 

», . 

109*77 

121*^ 

131*75 

»* . 

.,r 114*97 

mm 

132 511 

D, . 

120*70 

1.^89 

mm 

®. . 

125-24 

132*55 

14‘>f8 

Dt . 

130^45 

141-^ 

15185 


• ^ cviL p. 618 (1925). 
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Tablb III. (continued). 



Qa)-Q(2). 

Q(a)-Q(8'. 

Q(3)-Q(4). 

Q(4)-Q(*). 


.... mm 

39-84 

56^» 

69-46 


..... 

37-19 

51-03 

. 64 -83 

»,. 

..... 

34-^ 

48-77 

59es 

. 

..... 2400 

31-56 

42-79 

53*79 * 

D. 

..... 23*27 

33U0 

45-25 

52^ 

. 

. ^-70 

28-72 

38-64 

4724 

»T . 

.1... 2113 

28-29 

37*^ 

45-42 



E(3>*-R(2). 

B(4)-^R(S). 

... 

B, ...... 

..... 29-27 

^2112 

6 51 


J>. . 

. 40-74 

29-84 

17*50 


D. . 

. 49-^ 

37-36 

23451 

. . 

B, - 

..... 09-08 

51-01 

37-16 


. 

..... 02-99 

56-10 

34-57 


D, . 

..... 75-33 

mm 

54-62 


D. 

..... 8l-Sfi 

73W 

67*77 



Tlie and K branelies of all the bands obey 

the usual combination principle throughouf, such as 
1) *4-Q(«*)The accuracy with 
which the combination principle is obeyed shows the correct* 
ness of the associated brancnes; and the properties of the 
various lines and the manner in which the first differences 
vary from set to set appear to indicate that these seven bands 
are related to each other* This idea is further strengthened 
by looking to the systematic run of the values from band 
to band and to the values of the moment of inertia assembled 
in Table VI. 

Initial and Final Terms :— 

We have, as usual, 

H(m) F(ni -e 1)—/(m), . {i,> (m -f l~^i) 

Q{m)ss=*»o-f . * (ii) ^ 

and P(ui)3a5y0+F{m —1)—/(w)* . (iii.) 

In these et|imtions is the fretjuency of the origin of thc^ 
hand, and F and / stand for the initial and the final slates 
respectively. 

From these equations we see that 

F{m-P 1)—F(m) s»R(ffi)*-*.Q(i»i)3--Q(m+ l)^P(m4-1) (ri%) 

(Initial term difference) 

/(m 4* 1) -- f{m )« R(m) — Q(#» 4- 1) ssc Q{fii) P(m 4-1 )* (v.) 

( Final term difference) 

The initial iind tlie final term differences of all the bands are 
tabulated in Tables IV. and V. 
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Tamix IV. 


Initial Tarms. 


Bnid. 



B(m) 

—Q(^). 


Mmm* 

XiHm diS. Snd diC. 



1 

12f7*40 

127*57 

127*48 

F(?J-F(1> 







> 68-89 



2 

18T-66 

187-08 

187*37 

B^)-P(2) 

©, 






> 62'39 



S 

250*12 

249*40 

2^76 

F(4)-F(3) 







> 62-36 



^ #•« 

311*68 

312-57 

312-12 

FXS)~FC4) 



1 

108-07 

109*38 

10917 

F(2)-F(l) 







> 67-3® 



2 

176-^ 

176-73 

176*76 

F(3)-F(2} 

D, . 






> 67-44 



3 

243-S3 

244-58 

244*20 

F(4)-F(S) 







> 67^ 


. 

4 ... 

312-28 

311*97 

31212 



f 

1 ... 

104*83 

104*19 

104 51 

F(2)-F(l) 


t 





> 74-66 


f 

2 ... 

170*27 

179*07 

179-17 

FtS)- F{2) 

D, < 





> 7t7S 



3 ... 

251-52 

25229 

251*90 

FCI)-nS) 







> 72-ffl 

1 

4 ... 

32390 

324 36 

324 13 

F(6)-P(4) 

f 

I ... 

107-37 

106 88 

107 125 

F(2)-F{l) 







> »3 5S 



2 ... 

191-05 

19029 

190*67 

F(3) - F(2) 

- 

1 





> 83 -.‘U 


3 ... 

273^2 

27435 

273-98 

F(4)-F<:3J 


1 





> 7»3S 


1 

4 ... 

35357 

35315 

$mm 

F(S)-P(4) 


r 

1 ... 

12618 

125 19 

125-68 

F(2)-Ftl) 







> 86 96 



2... 

2124 

212-89 

212*64 

Fl8>-Fv2) 

®» ‘ 






> miTT 



3 ... 

30150 

^*53 

301111 








> H057 



4 ... 

3SI-12 

^11-84 

381*58 

F{5)*-F(4) 

/ 

f 

1 ... 

16245 

1^84 

162-64 

F{2)- pa) 

1 






> »7-4» 



2 

260*48 

2i^il6 

mm 

F(3>-F2) 

»♦ i 






> 93-98 

1 


3 ... 

354 53 

353*57 

mm 

F<4>-F(3) 

1 






> ai-c© 

i 


4 ... 

447 79 

mm 

mm 

m-m) 

r 

1 ... 

mm 

mm 

227*rj 

F(2)-P(t) 

♦ 

1 






>102-38 



i ... 

33038 

m22 

mm 

Fi£3)-F{2) 

Dj j 






>1(»-8S 

1 


3 ... 

41^-64 

4^62 

4^63 

F(4)-^8) 







>t06O» 


4 ... 

51^-21 

mm 

538*63 

F{S)-F(4) 
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Tabu V. 


Final Terms. 


m. 

E(m) 

Qt*») 

Mean. 

Term diff. 2od d^ 

1 

1381^ 

158-66 

158-47 

/m-AD 

> 68-74 

2 


226-^ 

227-21 

/(8)-/{2) 

> 77-60 

3 

3<B17 

304-45 

304-81 

/(4)-/(3> 

> 77-77 

4 ... 

38214 

383-03 

^58 

/(5>-/(4) 

1 

138^ 

136-47 

136-26^ 

m)-/w 

> n-m 

2 ... 

213*98 

213-^2 

21395, 

/(S)-/(2) 

> 81-28 

3 ... 

204^ 

!l^-61 


/(4)-/{3) 

> 81-72 

4 ... 

377*11 

376« 

37695, 

/{5>-/(4) 

1 ... 

120*^ 

12864 

131-12, 

/(2)-/(l) 

> 85 -10 

2 ... 

214*18 

213^ 

22-i^ 

/(3)-/(2) 

> 86^1 

3 .. 

300*29 

301^ 

»K>^6T, 

/(4>-/(S) 

> 83 -14 

4 

38338 

384 04 

38S81, 

/(•■i)-/{4) 

1 ... 

131-37 

mss 

131 12, 

/(2)-/-(l) 

> 91-11 

2 ... 

222^1 

221-85 

^-23 

/(3)-/(2) 

> 94 -54 

2 ... 

316*41 

317 14 

316T7, 

/{4)-/(3) 

> 90^38 

4 ... 

407 36 

406-94 

407-15 

/(5)-/(4) 

1 ... 

149*41 

14842 

148.9!^ 

/(2)-/(l) 

> 96 73 

3 ... 

24640 

245-^ 

245^, 

/{S)-/(2) 

>100-62 

3 ... 

34673 

345-78 

3^-26, 

/(4)-/(S) 

> 88 -30 

3 ... 

434-30 

^-82 

434-56 

/(5)-/{4) 

1 ... 

385*15 

185-54 

m35 

/(2)-/(l) 

>108-44 

2 

289^^ 

^38 

288-79 

/(S)-/(2) 

>iaj-9o 

3 

393*17 

392-21 


/{4)-/(3) 

>102-75 

4 ... 

4951^ 

4^-85 


/(5)-/(4) 

1 ... 

2481^ 

2^-19 

248-35 

/m-AD 

>109-74 

2 


357*51 

35899 

/{8H/(2) 

>112-34 

3 

470*44 

47IH2 

470-43 

/{4)-/<S) 

>113-62 

4 ... 

583-63 

584-47 


/(S)-/W 
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From these tobies it will be seea that the initial and the 
final term differences got in two wajs, as shown in each of 
the equations ir* and v,^ are fairly constant within the limits 
of errors of measurements. The means of the two ralnes got 
in two ways are tabulated in the fourth column of these 
tobiesi and the successive differences between these means 
are tabulated in the fifth column. These differences, know*n 
as second differences, are inversely proportional to the 
moment of inertia^ and thus the moment of inertia of the 
emitters can be evaluated from them. It will be observed 
from Tables IV. and V. that in some cases the second 
differences are rather irregular, but to get an appro^mate 
value of tbe moment of inertia of emitters of these bands wc 
may start by taking the average of the differences for each 
band. Again^ as a rough approximation, let us a^ume that 
the initial and the final terms are given by the following 
equations:— 

Initial Terms: 

{Fin)ss:B(m —F)*, ..... (vi.) 

Final Terms: 

..... (vit.) 

where B and b are one-lialf of the second differences of the 
initial and the final term differences respectively, and P an<l 
p are constants introduced to represent the effect of the 
angular momentum due to electrons according to Kratxer. 
Now, from (vi.) and (vii.) we see that 

P(oi4“l)—* * (viii.) 

and 

2(m-p)}. . . (ix) 

By putting 2, etc., in equations (viii.) and ^ix.), we 

can obtain F(2} -F(l), F(3) — Ff-)# etc., and /{2)—/(I), 
/{3)--"/(2), etc., in terms of B, F and /#, p. Now, by sut»- 

stituting the valnes of B f« one**half of the mean seiond 

difference), and, say, F(2) —F(l) from Table IV., we can 
deduce the value of F. Similarly, by substituting the value 
of 6 and from Table %\ we can evaluatep. The 

values of P and p being kiiotrti, we can easily get the values 
of terms such as P(l), Ft2), /(I), /(2),* etc., by using 
eqmtions (vi.) and (vit.). Knowing tbe tortus, the frequency 
of Ac nulWtne can be detormined from any one of the 
equations (h)i (it.)»snd (iii*). 

We know that B and h are such that P«/i/8ir*eB and 
where I* and P' ate respectively the initial and 
tbe final moments of inertia of the molecule about an axis 
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perpendieular to the line joining the nnelei, h is Planet^s 
ocmstant, and c the velocity of light. The values of I' and 

thus calculated are as^^einbled in eolumns 10 and 11 of 
Table VI.^ while the values of as derived from the P(2% 
Q(l), and R(l) member of each band are placed in columns 
1, f, and 3 of that table. The values of P and p are shown 
in columns 8 and 0. 

It will be seen from Table VI. that the initial moment of 
inertia is larger than the final moment of inertia^ and that it 
begins with a high value at Dt and then steadily d^reases as 
we go to Dr* The highest value of the initial moment of 
inertia is 9*01x10“^^ gm. cm.% and the lowast value Js 
5*34 X 10“** gm.ciiu®. These two extreme values are nearly 
equal to those of some of the systems developed by 
Prof. U. W. Richardson in his recent paper ** Structure,’^ 
Part V. In that paper the maximum value of the moment 

of inertia of the excited hydrogen molecule found to be 

11*35x10""** gm. cmf far an excited state for which the 
eh*etr 0 ii total quantum number is 5. These values are in the 
iteighbourhootl of Dickers ^ value, which is about 8*2 x 10' ** 
grti. cm-^. When the hydrogen molecule rotates in larger 
orbits m a result of It being greatly excited, it is quite 
rcfc^onable to ex|>ect that it %rill fca%*e a large moment of inertia. 
In fact, Takalmshi t has obtained a value as high as 20 x 10“** 
pn, cm.* for the moment of inertia of an excited Hj. Again, 
it tiiav be {pointed out that such high values of the moment 

of inertia of Hg fit well with the results expected according 


to the Quantum theory of s{>ecifie heat of hydrogen recently 
dtsciis.sed by Van Vleek 

From the aliove discussion it appears that the emitter of the 
bnuds set forth in the present paper is an excited hydrogen 


molecule 


It appears from the majority of values of P 


and p that these Imnds are not of the half-quantum type. 
Tliere are indications of a similar group of bands in tbe Line 
r€>gion of the s|>eetrum having moments of inertia of the 
order involved in tliese lamds. ITiey are under investigation, 
and it is hop^ to dm! with them in another communication. 

In conclusion, I abonld like to express my indebtedness to 
Prof. O* W. Rtehardson for suggesting this problem to me^ 


• Proc. Amst^dam Acad, Bm* xx^ti. p* 490 (1^4). 

i Jap. Joum. Pfam U. p, 05 <1023). 

Phys. Rev. xxviii. p. 995 <1926). 
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and for his enconragemant and helpfn! criticism daring tibe 
progress of this wort;. 


added .—^The following snbstiintions should be made 
in the wavenaombers of the band lines in the present paper 
in the light of the wave-length tables recently pnblished by 
Oale, Monk, k Lee (Astr. Phy. Jonrn., ^rcb 1928, 
pp. 89-113). 


J>,B{3) 

D.B(4) 

g.f(2) 

».g(3) 

D,B(2) 


Sulwtituta 
17318-0:i(<)) 
lft774-42 (6) 

I74(M 90 (o) 
17S08-fl9(.^)(’.D.H-+ 
17624 43 (o) Lee 
174.57'it7 fee) 

174(I7'3I (e) 
179«4(«i(l) 
1771706(3) 
174.^76(21 

18142 !M (1) 

18416*9 (oi* 


In piece uf 
D, a (3) 17318-72(0) 
D.P (.6) 16774-72 (8) 
P,Q (1) 17407-53(0) 
DjR (1)17512-36(0) 
D,R{4) I76.'332(l) 
I>,Qt4) 1745878(1) 

P, y (5) 17404-99 (») 
n, B(3) 1796600 ;2) 
P, P(2,17716 87(3) 
P,P 14)174.58 78 (11 
l>,(i(.3) 17a'iO-9»(3) 
I), RC) 1h140-19(-) 
D. R (-2) 18417-19 (rtf’) 


Bemuks. 

17318-72, reeoWed by fl. M. A L. 
1W74-72, reeolred by O. M.AL. 


17456-78, molwd by G. M. A L. 

1796600, resoWed by O. M.AL. 
17716-87. reeolred by G. M. AL. 
17458 78, retoleed by G. M. A Ii. 

18140-19, reeoPed by G. M. AL. 
18417-19. Tesolred 1^ G. M. A L. 


Prof, Tlicliardson states that there are no interferences 
between the strong lines of tliese bands and those of the 
unpublished extensinn ol tlie New Bands in the Violet (“ee 
Ricluird.son. li. S. Proc. A, vol. exv. p. 528 (1927), 
Richardson & Davidson, ‘ Nature,’ June 30, 1928). 


XLVIIL Acouft 'm of Strings struck by a Hard Hammer. 
By P. D.vs and S. K. DaVta *. 

I N the Philosophical Magazine for March 1928, Dr. Kar 
and his associates iiave commented on Das’s f theorr of 
struck string and its ex|>eriinental verification hy Dattat- 
The objet't of the present mite is to show that their criticisms 
are without foundation, l>eing based on misconceptions of 
theory and faulty experimentation. 

In the lirst place they make the statement that the dis¬ 
continuous changia in tfie pressure of impact with time are 
an “assumption” on whi- n Das’s tiieory is based. This is 
entirely erroneoos, since these are not assumed but are the 
logioil resnlte of rigoroos ma^ematical analysis. Farther, 

• CommuaksMed by Knrf. C. V. Raman, F.RJS. 
t P. ftwk ftoc. Ibo. Ass. Cult. Soe. voL vu. pts. L & ii. (1921). 
t 8. K. Datta, Free. lad. Ais. Cult. Soe. vol. viii. pt ii (182^. 
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identical results have been obtained by Profoswr C. V. Raman 
and Dr. B. Banerjee *, who solved the problem by an inde- 
Lndent method. Apart from Datta’s work, the exponmeuUl 
Lterminatiott by George t of the pressure-Ume curve by 

the oscillograph method actually reWiUs these du^ntiaaitie^ 

and the c^ful measurements by George and Beckett + of 
the energy lost by the hammer plotted agmnst the stnkutg- 
length tove been shown by Das § to te in remarkable 
agmment with the values calculated from his own tormute. 

in fact a physical interpretation of these discontinuities 
can be easily given. When the hammer strikes the string 
the latter at once acquires the velocity v of the lammi^, 
and the length of string set in motion in time is -e 
where c=wave-velocity. If p be the in^ per unit-length 
of the string, the momentum lost by the hammer in time « 
is 2c8tpr, so that the pressure at the instant 1*0 is not r.«ro 
but ^opc. When the pulse having velocity v returns to the 
hammer after reflexion from the nearer extremity, it is again 
reflected completely from the hammer, since the mass pcBt 
of lenoth cBt of the string is inflnitesimal compared with 
that of the hammer. The change of momentum in t»«ne »» 
peSt.Sr, so that the pressure again increa^s by -pm 
This recurs with the period of vibration of the part of the 
string between the hammer and the n^rer fixed end. 

Kar and his, co-workers adopt in their experiments a 
method which they borrow from Daita without acknowledg¬ 
ment. The details of their arrangements are, however, 
seriouslv defective. From the diagram and description 
Rearing in their paper, it would see.n tkat the string was 
sKshed^on two horUontal bridges and set in luotton in a 
horixontal plane. It is obrions that there would be con¬ 
siderable slipping at the bridges, and the effective vi^ting 

uS of r. ,lriog wooirb, gr«U.r ttaj A. d..too™ 
batmen die bridges. The overtones would be in^rmonic, 

Srdk have a nodal character, so tliat in touching a 

node the very overtone of which the amplitude is wught, » 

ageless for the purpose of lestiiig a thaory* In this ooo 

naxion we may point out that the large dlfferensm which 
Siey find in the amplitnde of the fundamental with hammers 
of hleniical mass and velocity, but of different metals, are 

* R«"»»ti aod Ban«-i«e, Proc Ew. S ic. A., yof, xo^. 

+ wTH. 0«w«e, Proo- *b>y. Hoc. A. vol. cviu. p. 384 (Jf-Ab 
I Otorgeaad^tett. Proc. hm. F 

I P. Biisp tnd. Josm. (1927). 



481 


Magnetie Studies on Salts. 

duabtless sparioas. Gaorg« and Beckett*, in their recent 
very careful and accurate work did not find nay notable 
changes in amplitude, either of the fundamental or of the 
overtones with hammers of different materials. 

In calculating the amplitude of the harmonics, tim U]^er 
limit T of the integral 

( [Fsxpreaeure} 

. * 

was taken by Datte to be the intercept between t'xsQ and 
the point where the preesnre-dme curve cots the t'-asds. 
This pr<»oednre, whitm is questioned by Kar, is obviomdy 
justifiable. For, at the moment the contact between tlie 
string and the hammer ceases, the pressure F becomes zero. 
It is only if repeated contacts o<tour that such a procedure 
would be inadequate, and snch cases have not so far been 
theoretically tinted. 

Finally, as an illnstraiion of the imperfect appreciation of 
theory shown by Kar and hb colleagues, we nmy refer to 
the paragraph (Phil. Mag. vol. v. p. 556, 1928) in which 
they ezpre» irapnlse in terms of grammes weight, amd tiius 
confuse its dimensions with those of fonm. 

210 Bowbasar Strast, 

Othsatta, 

SSth April, 19S8. 


XLIX. Magnetie Judies m SaUs, with Partimlar reference 
to those with Complete Ions. By Labs A. Wsijo {I'he 
RockefeUer Instkwufor Medical HesearcK) f. 

T his papm* i« intended to be mainly a descriptive rather 
than an interpretative account of a study of the 
magnetic properties of a very Urge number of aalto of 
various types. It seems, therefore, best to coostder ^e 
results by grou{W according to the principal features which 
have been observed. A discussion of the signiScance of the 
resnlts, in so far as a discussion seems postible or may be 
ventured upon, will then be given along with the approprbte 
experimental data. 

• George and Iteekett, TNoc. kUnj. Soc. A, vol. esri. p. 130 (198?); 
t Coawuaicated by the Author. 

Phil. A/ag. 8. 7. Vol. 6. No, 36. 1928. 2 I 
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The salts, 124 in nnmber, will be considered under the 
foliowini; nmin hidings i — 

1. Polynuclear salts of iron and chromium having very 

large negative values of $ in the Ciirie-Weiss law 
K<|{T-^5)satC. 

2. Iron salts having irregular and variable moments 

within the observed range of temperatures. 

3. Miscellaneous salts of iron and chromium of normal 

ionic moment jind with relatively small values of 0 in 
the (Jiirie-Weiss Jaw. 

4* Coordination compounds of chromium and cobalt 
previously studied by Bosenbohm at only one tem¬ 
perature. 

5. A ferricyanide and the penta-cyano deriralives. 

6. The Prussian blues. 

7. Salts showing an anomalous temperature variation of 

the susceptibilities. 

8. Diamagnetic and near diamagnetic salts of some transi¬ 

tion elements. 

GeKEEAL DisCCHSION or the MeTHOOS EMCtOVEl). 

All of the salts were studied in the solid state in the form 
of powders. In the case of the paramagnetic substance**^ 
this necessitates susceptibility measurements tbrougbout a 
range of temperature sufficient to make certain that 

=jf(T) is linear, and to permit the determination of the 

constants il and 0 with the recfttired accuracy. The appara¬ 
tus was modelled after that described by Fm?x mid Forrer 
and n<^d not be d^^^ribed in detail here. Tlie magnetic 
field in the region occupied by the specimen was abont 
40(K) gauss. M a rule, determinattons of the suscepti¬ 
bilities were made at three iemperalures : when the salt was 
at room temprature ; when it was surrounded by melting 
ice; and when it was surrounded by solid COf* The 
refrigerants were contained in the space between two 
coaxial glass tubes joined^t one end. The real temperatures 
attained by the salts were not actually measured. This fact 
raises two questions,^ Does a s(iecimen acquire a definite 
temperature* each time that it is surrounded by the 
reWgerMt, and, if so, by how much dcN^ this temperaiure 
differ from tbe actual temperature of the refrigerant ? Tim 
fifat qua^mu was auswerw by comparing the vmlum of 0 

♦ Feia k Fomr, Imtm. ^ P%#. ee k vli. p. 180 (1^5* 
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obtained with a given «alt in separate runs. Throughout 
the work, many such wero made. It was found that for 
values of 0 not fisr from zero, they agreed within 2°0, 

on the average. From the geometry of =: y{T), it was 

M\igt 

eatcniated that with ice as a refrigerant the temperatnres ac¬ 
quired by the salts were always the same to within 0'18“C., and 
with solid CX>, as a cooling substance they were consuiut 
to witiiia *J'65° C. 

A direct therntoeonple determination of the difference 
between the temperature acquireii by a sample and tliat 
of the solid (JO* prove*! it to be 8'5* O. This was checked by 
measurements on Mohr's salt, FeS04(NH<.|,S0« + 6H*0, for 
which Foiix * has found ^as + 22°. Using the nominal 
Ceinperatures of 0® C. for ice, and — 78*5“G. for (X)*, 
0 appeared, in my measurements, to be —3°. The difference 
of 25® in 0 leads again to a correction of 8’5®C. when 
solid 00* is used. In the same way the correction when 
ice is nsed turned out to be 2“4“ C. When ice and solid 
i'O* were used as cooling substances, the actual tempera¬ 
tures of the salts were therefore S’l" C.s»275'5® K. and 
— 70“C.=s203*1° K., respectively, with the relatively small 
uncertainties noted in the previous psiragrapb. 

Only very rarely were the ice points omitted and suscepti- 
oilities observed at only two temperatures. This was done 
only when the type of salt was one which would certainly 

give a linear w!- =»/(T). The value of the moment observed 

Horvet} ms m relimble clieck* A few salts were also stodied at 
lempermtares above that of the room bj the use of a small 
♦dectrie fummee. 

Mohr^s mlt, FoSOaCH H4)tS04 Hh 6HsO served as a standard* 
Its magnetic coiistmiits have l^een carefullj deteriiiined hr 
Vmx t, so tlnit its sasceptibilitv at the calibration temprra* 
tore can he calculaied. The su^eptibility values of Foex: 
nctee with the Leiden data on the same salt to witliin 
0*4 per eentv when adjusted to the same teinperaiurc* 
A further cheek on the standard was obtained hv measuring 
FejClS04)5(NH4)iS04+MHt0 in terms of it* fhe siiscepii- 
biHty observed was in essential agreement with the Leiden 
datum for this ferric salt. As a standard, Mohr's ssilt has thf<^ 
additional advantage of being uniform throughout a sample. 

e Foex, .*-<»«. de xvi. p. JS259 (1921). 
t Xas. 


2 I 2 
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Oerntnorcial sample of CoCl* and NiClf wiero seriooaly 

lacking in this respect. ...» i 

The snsoeptibilities are given by the formnla 


K» 


where 


V—V wi| 

' %—e'm 




»SB millivolts observed with specimen. 

compen»ting current was BK»*ored bv a 
millivoltnietor need in connewon witn a 
properly adjusted shunt.) 

V, = milUvolts observed with standard. 

v* * millivolts observed wi^ empty container 
(slight tempemiaro yariatioo kiiowtt)^ 
m and mi = the masses of the substance and standard, 
respei^vely. 

8 and 8i =* the densities of the substance and standard, 
resp«:tive}y. 

K, as sosceptibility of the standard. 

=: volume susceptibility of air. 

Except for the very weak paramagnetics, the air correctioiv 
is negligible and the formula reduces to 


r—e' 1^ 
■ 0,—^ 


m 


Ki. 


The gram atomic susceptibilities are given by 

k«=e:m-4i, 

where . , 

M e molecular weight. 

kd mt sum of gram atomic susceptibilities of wnsti- 
tuents oiber than iron, chromium, cobalt, etc., 
as the case may be. 

A Ust of the gram atomic soscepabilities of tlie con- 
stitnents involve.! throngbout the wo^ may well be 
included here- Practically all are due to Pascal . 


r!ss~ 

6'0xl0-« 

Cl= -20 0 X 10-« 

UsB — 

2'9x 10"< 

Br=- 

-310x10-* 

0SS —. 

4-6 X lO-» 


-45*0 X 10** 


15*0 X 10'* 

N8= - 9-2 X 10-« 


5-5xl0“» 

Ka* • 

-18-5 X 10** 

Ca* 




• PsteaL ‘ Revue GtoAmle dm Scienees,’ July 16,1928. 
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Th® followin'' values were used for certain groups- 

H,0*-13*0x 10-*, 

N0=- l*6xl0-«, 
and PO** -33*5 X lO'* 

JSaoh time that the gronp ON oocnrs, a correction of 
+0’8xl0~* was applied. In some salts, Co and Or 
appear in near diamagnetic ions. The valnes nsed were 
+ 55*0 X 10”* and +63‘0xl0~*, respectively. According 
to Pascal, the atomic saseeptibility of oxygen' is to he taken 
as a variable in accordance witk the nature of the chemical 
^nds. This variablon is small, however, and was neglected 
in all paramagnetic mlts. 

The diatnagnedc and near*diamagi«etio salts were studied 
by the Gout method, the forees being measured with a 
sensitive baWce. T^ fields were about 11,000 gauss. 
The formula is the same as before, r, vt, and o' being 
replaced by f, fi. and f. Water was nsed as a standard 
with Ki as —0*719 X 10~*. With diamagnetic salts the air 
correction is not negligible. The density, if unknown, was 
taken to be that of a iiiisture of bremoform and benzene, in 
which the salt would just fioat. This procedure in the 
detenniiiatiun of the densities is rough, but permissible since 
tlie correction terms are small. The chief drawback with 
the 6ooy metbod wben applied to powders is that of obtaining 
uniform i^ntcking. Several measurements were net^Hwry, 
re|>acking e»ch time. To give the reader an idea of the 
accuracy attained with the diamagnetic salts, the table 
contains also the nnmber of matsnrements made and the 
probable error, 

n v»— 1 

The tables el data on tiie paramagnetio salte contain the 
spevidc sttsceptibilities adjusted to a temperature of 20° 0. 
by means of the relation K«(T —with the values of 
(• and 0 as tabulated. The accuracy implied by the use 
of the second decimal place was not actnally attained, even 
relatively. On the otlier band, rounding off K to the first 
decimal place would not do justice to the relative accuracy 
of the measurements at tlie different teraperaturw as 
indicated by the closeness with which tiie points fall ©t| 

straight lines in tiie plots of against T. Following 

usual custom, f^e Weiss magneton ntinihem are also 
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tabulated as calculated by Vf!. Tbe values of 

C and $ wore computed by selecting any two temperatures, 
Tt and Tj, and observing the corresponding values of 


^ directly from the graphs of ^ It is readily 


seen that 


and 


P_ t.-t. 


i? I? * 


I, P^lynmlear Saks of Iron and Chromium mih 
Lar 0 e Negative Value* of S. 

These unique and interesting salts, listed in Tables 1.^ IL, 
and III,, were very kindly snpplied bj Professor H. Wetn- 
land, of the Universitj at Wurabnrg All aro aeetates 
except Nos. 7 and 8 which are benxoates. Nos, and 24 
which are formates. No, 9 which contains pyrogallol groups. 
No. 10 which is a salicylate and No. 25 wddcli is a 

f ropioiiJite. The salts that were analysed for iron at this 
nstitute at about tbe time of the magnetic measurements 
are indicated under Kemarks/^ 

The results of the magnetic measurements are shown in 
Tables I, II., and III. and in figs, 1 and 2. Some of the 
^Its listed in Table IL do not appear in fig. 2. To plot the 
yalues obtained would result in tbe superposition ol, and 
confusion among, tbe lines. Idkewiiie the curves obtain€*d 
With the salts listed in Table IIL are omitted. In all tbese 

omitted cases, the curves ^ «/(T) were straight lines. 

It appears that tbe iron and cbromittin ions in salts of this 
type have a^ociated with them the normal values of (? andp. 
The only clear*cat exception is the pyrogallol No. 9. 
It may oe noted that this salt lacks the OH group which 
appeati either once or twice in salts giving uniformh normal 

^ Wm a^neml ir^ex to Uie litemitire wfanitaa wilts of this type, nee 
Ftc^^air hook^ * Bififabrunsr ia die Chemle drr Komplex- 

TerbiadungeUf* Stuttgart, 1919, pp. 045 #. Partieular papers that 
may be mentioiied are; alii. p. 0S§1 (1909), xlv. p. 

(19l2), and xkii. p. 2760 (1914); Zmt, morff, xcii p. #1 |J910) ; 
eli. p, 271 (1^) and clti. p. I <I9I^}. Also Aaii. dfer €kmm, ed. 
p. 219 (1910). 




1 i:P»,<CH,(X)OUOH,lSOj+|H,0. 

2 i[P^CH,OOOWOH),lC!+iH,0 . 

S i[F«,(OH,C35COO),(OH),10lO,+|H,0. 

4 i{F^CH,CiC{X)UOH)JKO,4-^#H,0. 

5 J{Fe,{CCl,000),(0H)] . 

e JtFe^CH,000),l{OH,aX)yPeBrJ . 

7 jrpe,(c,H,coo^,(OH)](C,a,(xx))taoj+jH,o 

8 jrp./C,H,C00).0(OH),]0,H,00O. 

9 i[fVC«RAWH.{SH,),+|H,0. 

10 / «Fe,(C.H*(OH)COOMOH)]{FHO.K,(0)COOy) 

j C,H,(0a)C00+*^H,0i 


KxlO* 

(a)»c.). 

0. 9. 


BUldlf*. 

1913 

410 -577 

m 


1817 

8*97 


ind. 

14*59 

4-^ -807 



1438 

4-(e -m 

28*3 

Altai. 

r27 

4-05 -553 

m3 

Aod* 

^*90 

384-89 



11 *^ 

4‘10 -695 

ms 


mm 

1-74 + 37 

18*6 


24*38 

3-46 -129 

m*2 

AmL 

35*64 

420+6 

28*8 



Tablk n.—Polrnaelear Salts of Cbromimn. 


Ko. 


it0r^CIt,COOWOH),]Cl + |H5O . 

j[Cr^;cH,coowoH y (C^KH,)J, jO+fe.o 

J[Cr,{CH,lX)0),(0H yXH ,^,jI. 

i[Cf^CH,<»Oy01I.jSH,)CH,COO . 

i^Cr^CH,OOO^OHj,CISS]+. 

^Cr,.0HaCOUMOHy COtSH,), lja+|rHjO.. 
iicyi'H/'<H)vo«vc,ir,xyNo,. 

iiCMiil.C<M.>y0H)K0H,C00),+|H,0. 

iFCr,{CH,aX)y0H)yS0,XCHrfX)0)+*s^H,0 

j{cr,(CH.C0Oy0H)P(CH,00O)+|H,0 . 

j{Cr,(CH,COO),](eiO«KOH,COO)+^jr^ H,0. 

i[Cr,tCH,0OOy(Cr,O,XCM,COO)+iH,O. 

4[Cr,{Ha)uv.o» >aincoo+ |H,0. 

tt>,<Ha!0y0H),p+|H,0 ... 

j(er^CH,CH,€»05,(OB)^i+ifl,O.. 

i{Cr^Ca,COO),(OHy+YK|0. 

i{Cr.(CH,COO). .40H).,]+y .. 


28 Cr(Cil,COO), 


KxUF 

(20»C.). 

a 

9. 

p* 

Be- 

BIAClls 

m33 

1*92 

- 93 

195 


16M 

1*93 

-103 

19*5 


19i0 

iir2 

-116 

19*5 



191 


19*4 


21*77 

1*91 

-101 

19*4 


201B 

1*87 

- 89 

ir2 


16*^) 

1*85 

-10) 

!91 

MmL 

nm 

m 

-106 

19*7 


mm 

1*95 

-Hi 

19^ 


mm 

1*91 


19*4 


mn 

2*06 

-120 

•m 


lSi3 

m 

- m 

19*5 


mm 

21^ 

-1<B 

20D 


urn 

im 

- m 

19*3 


18*81 

m 

-114 

19*7 


21*33 

1*^ 

- 44 

19*5 


24110 

1*79 

+ 1 

18*8 


mm 

1*83 

m 

1911 
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▼aloes of C and p and large negatWe values of 0. No 
significance can at present be attndbed to the salts Ko. o ana 
No. 8. They are included in the table only as intewsting 
vwriants. Structure complications make it difiicolt to decide 
just how to handle these two salts. For example, we 
measurements on No. 6 were handled on the questionable 
assumption that the contribution of the negative ion 1! e Ur^ 


Fur. 2. 



is noticing. The low values of C and p giren for No. 8 are 
probably related to the peculiar posiUon of the oxygen as the 
salt is formulated. Not enough of salt No. 8 was at hand 
to make an analysis for iron. In view of the general 
excellence of the other salts as indicated by ‘he agreement 
of our iron analyses wiUb the formulmand published anmyses, 
it is felt that the low values of C and p are not due to 
defidieacy in iron. 
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III Table III, the 0 values apply to the wliole trinaciear 
complex ion, and the |>-values are omitted, lo f>ait Ko. 29 
(for aualTsis see BenehU, xlii, p. 3881 (1909)), C is approxi¬ 
mately the stun of the normal values of C for the farric and 
chromic ions. Assume Cl3s4*25 for the ferric ion. For 

each chromic ion C=-^-=1‘87,leadingtop=al9*2, 

which is in close agreement with pas 19*0 as olnterved in 
simple chromium salts. A similar additive distribution 
is not pcamble for Nos. 30 and 31. No analysmi on these 
salts could be found in the literature, and my own attempts 
to analyse tiie small quantities available failed. The 
probabilities are that the proportions of iron and chromium 
are not as formulatwl. Otherwise, we should have to 
conclude that the additive relations of the Curie constant 
observed when only iron or only chromium are the metals 
present, as in the salts of Tabl^ 1. and II., do not bold for 
the mixtures; and that the additivity observed with salt 
No. 29 is only a coincidence. The only thing ihat can he 
said, with certainty, about the mixed salts of Tabic 111. is 
that the values of S are negative and large, and intermediate 
between those found with iron alone and chromium alone. 

Rosenbohm * has measured four hexa-formates of ebromium 
of the type listed in Table II. at one temperature only, 
Jackson t recentiv considered these data, and tried to account 
for the apparent fow moments by assuming that only two of 
tlwf three chromium ions have the normal moment of 
19 magnetons. The third chromium ion was as-fumed to be 
in another state of zero moment. Such an assumption is 
not necessary, in view of the results shown in Table 11. To 
this Jackson has agreed in a private communication after 
having been informed of the j»resent results. 

The striking thing about these salts is, of course, the 
values of 6 of the order —600 in the iron salts and 
— 100 for those containing chromium. Tlie problem of 
aegaUve values of and of ne^live molecular fields is an 
old one and appears here in a particularly pressing form. 
Th**y do not appear to be directly related to the existence of 
polynuclear ions. This possibility is eliminated by the fact 
that & ie only —129 in the pyfogallol salt. No. *9, and is 

6 in ^e tmlicylate. No. 10 t provided we accept the 
formulations given as representing their real nature. l%ts 
consideration eHminates also a relation between ff anti the 

• Rosenbohm, JSeft. f. Tk^t, Chem. xcili. n, 7! 1 (1919). 

t Jackson, H»U. Mag. iv. p. 1070 (1937), 
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mass of tlie whole wnipba: ion. Snct a relation would be 
contrary to the theory of Oosterhuis if we are permitted 
to associate with J in his expression 

24ir*JK 

the moment of inertia of the whole complex ion. Acoordiu|c 
to this theory, we sbonld observe small values of 6 in salts 
with large complex ions. 

A possible way out is open to ns if we recognize tliat the 
organic groups, OH*COO, CHOO, CjHjUOO, etc., a^ 

Fig. S. 


H 



themselves very prolmhly permanent electric dipole.-*. We 
may then adopt and modify a point of view doe to Debye t, 
which involves the assnmptioti that the elementary magnets, 
that is, the iron and chrominm ions, have permanent electric 
iiioments as well. 

Ijet ns consider as an example the tvpical polynnclear 
^aU No. i CFe,(CH,C00)e(0H),}N0,-4.6H»0,and represent 
the complex ion by a model as in tig. 3. Since it is a plane 

• Omterbttu, Comm. P}iy». Xtsb. Leiden, No. SI; Amst. Aoid. p. S17, 
Jane 1918. 

■+ lM>ye, dw JtaHobv**'. Merx, I.eipxijgr, 1925, vot. vi. 

p. 704^. Al«o‘KineticTheory of On»**«*,* l.oeb. New York, 1927. p. 480. 
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model, it does not represent the trne relative positions oC the 
various parts, bnt it does serve to visualize the electrostatic 
control on the terric ions. The model, as drawn, meets tlie 
requirement, however, of having no external resultant 
moment, either magnetic or electric. The complex ion as a 
whole, being fixed in the crystal lattice, does not rotate, but 
we shall adhere to the classical view that the ferric ions are 
capable of orientation by magnetic and electric fields.^ The 
mimetic axes of the ferric ions, whicdi are not indicated 

S uie figure, may or may not coincide with the petranwient 
ictric polarization. 

* It is immediately evident that the magnetization 

IsN/ZmOos^ 

induced by the magnetic field B and Imnoe the snsceptibility, 

N/twCOs^, 


mnat be less than it there were no electrostatic control by 
the neighbouring organic groups. Consider salt No. 1 aa 
an example. The gram atomic snsceptibility wa.«, at 20*^0. 




c _ 4 ia 

T-^“293 + 5f7 


^0 

»70‘ 


: 4715x10-*. 


A simple ferric salt having and with the same Curie 
constant would have given 

4*10 

K« = 14000 X1U-*. 

The electrostatic control on the ferric ions in the case of tiie 
complex salt being considered has reduced the mean special 
value of cos ^ to 

471 Sv lft“* 

a= 0*33 of its UDCtHttrolIed valut. 

l*UUuXJv • 

A similar calculation applied to a chromium salt, sav, 
No. Jl [Cr,ceH,C00),(UH),3ti + 8H,0. shows that the 
pMiulated electrostatic control has reduced the snsceptiUlity 
to 0*70 of its value without the control. A weaker control 
is indiotted for the chromic ion, due preuiltuibly to a smaller 
electric mmiient ^ 

Anotlier question which must be considered it the tnfiuence 
of electrostatic control on the disorganization due to tem¬ 
perature agitation. The magnitude of the control Is ttseif a 
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function of the temperature, owin^ to fluctuations in position 
and orientation of the controlling organic groups. But in 
anj event the control which resists disorganisalion by 
temperatnre is, at every instant, exactly the same as tiie 
control which resists or^nization by the magnetic field. 
The temperature coefficient of the magnetization, or of 
the susceptibility, is therefore decreased in the same propor¬ 
tion as the magnetization or the susceptibility. But the 
temperature coefficient of susceptibility is, by experiment, 

tlie quantity Hen^ 

Km 

ss a constent, which is the Cuiie-Weiss law. 

According to the view presented here, negative values of ff 
ill the law 1 k«(T— 0)ss(j have a distinctly different origin 
from pc»itive valnes. If the idea proves to be acceptable, it 
is of more importance than as a mere device to explain the 
frequent appearance of negadve values. It removes what 
has been thought to be a difficulty in Debye’s interpretation 
of tnoiecnlar fields in ferromagnetics as being electric in 
nature. Debye's expre»iou for v in the equation for the 
effective field in ferromagnetics 

4ir It*, 

It is of the observed order of magnitude in ferromugnetics, 
but cannot explain negative inolecnlar fields or negative 

it* 

values of fl, tince ^ is essentially pcMitive. On tiie view 

m 

proposed, there are no indoc;ed negative molecniar fields. 
The ficdds which resist magnetizatioq are provided by the 
[lermanent electric dipoles already present in the system. 

It may be added that the hypothwis which lias been 
hrieflv outlined provides the forces necessary for the 
existence of the aggregate of metallic ions and organic and 
livdroxvl groups which cxmsiitate the complex positive iu» 
ot the ^pe [Fe»(CH,COO)s(OH),]. 

It would be interesting to study the magnetic behaviour 
of these polynuclear salts in solution, a liue of work which 
1 hope soon to nndertake. 
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II. Iron SaUs having Irregular and Varitdtle Momentt. 

The molts obtained with this group of salU are presented 
in Table IV. and fig. 4. They are commercial 
the tetra-engenol *lt, No. 33, and the pyroca^hm salt. 
No 34, which were supplied by Protessor ^^einland . 
Th; wok on No. 32 and on Nos. 35 to 39 was soggesM hy 
the irregular moments for ferric citrates and phosphates 
which have been calculated by Weiss from Pa»al s 
mentst. It was hoped that the values given there might be 

Si a.8oi Jr »<.bii.i»d. Tbi. 

however. Even apparently aaalogoos salU snch as non 
TABtB IV.—Iron Salts with Irregular and Variable Moments 


No. 


Sax^. 




j [Fe(cX(OfS,)OCH,0)J ^ , I 

k|c,H,(C,H,XOCff,KOH)}/ 


I 




$9 


Iron pjro|ilio#pHMl«..*-*.*••• •***•••*■ 

Iron Ammostwitt €itr»io.. * 

Irm Citr»t« ... . 

Ir^ Po^iiom Cilfttto ... 


KxW 
0P 0.}^ 

a 

0. 

P 

mfkt. 

nm 

8’82 

-to m 

27*5 


um 

383 

+ 24 

275 

*# 

.13-8: 

3'56 

3 


n 


281 

+ 09 

23^ 



4'8l 


m$ 

AiIiiL 




2811 

*» 


3*78 

-.157 

27*3 

e* 


2*87 

24 

230 

» 

, fiS-40 


4- m 

mz 

ff 


S-04 

4* 93 

246 




4^123 

229 



ammonioin citrate and iron (lotassiura citrate P valm-s 
of 28 and 23 respectively. It is very 

are the actual moment-*. It is more probable tliat the terilc 
ions in the pyropho8|>hate,tlie citrates, and tlm tartrate have 

„i«ar» or .wo or .;|«r. com|.|...nt,. «.oh to. ? 

charactorised bv different values of 9 m 
Until the number of components and riieir Fcopot tm 
have been determined by <-omplete chemical analy^, it 
c»nnot be stated that the iron doe# not apfiear wirfi the 

• See Are*.d. Pkarm. ecUi. p. flOO(H»U); and Seriohit, xU. pp. 148 

*1 KSi*?TUim of Msgaetisia,” BulL Xe. 18, X.t- 
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normal moment of the ferric ion. A determination of iron 
alone is not sufficient. It should be stated that the saltK, 
No. b2 and Nos. 35 to 39, were each analysed for iron three 
times by two different methods which checked to within 1 
per cent. 

Rg. 4. 



r”The pyrocateohin salt undergoes » well-defineil and 
reversible transformation at about 62® (J. Considerable 
arbitrariness is involved in drawing curves through the 
points oi^rved with iron tartrate and ammonia, and c<mse- 
qiientW in calcnlaUng 0, and p. Only the middle range 
is at ail reliable, and here the apparent moment turns out to 
hetfar Mow the normal for ferric iou. 
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HI .MueeUamm Salts a/ Iron and Chromium. 

JT.™ ulfiS.M -It. No. M, -Wot ^ ‘y 

Table V.—Mi«ceU»n«on8 Salts of Iron. __ 

’ ~ ' KxlO* p 9 p. Stmarb- 

Salt. ( 20 ® C.). 

-—--- ^ fl»17 418 - 85 288 Awl. 

40 [P»{HOOO)JCt+H,0. ^ 5 jjB"# AnJ. 

41 [rHSO*)J»«.+3“.0. ' 5 O.J 2 400 _ 3 381 

42 [FecSOjlJNH^. . . 4.J7 _ 43 287 

43 [F«(P04)JH,(1!Hj)4+j ^. _ 1^ 2go 

44 [Fi«(PO*yH«Jf* . 46-70 3«r -35 m 

45 iFe{PO,yH,flSHi).. 4O7 +12 28-4 HypepJM*?^ 

46 Fe(H,PO,^ ""X;«’C^7w Iw O. 17-W ® ^ 

47 [Fe;C,H,(CH0X0CH,)0),]S,+H,0 ... ^ + 4 28i> 

48 [Fe(CK).)JK+3H,0 ... ^30 28-2 PyroaO^hta. 

49 [Fe{C,HAyK,+2H,0 . _H9 gg^ M=1W. 

60 [FeP,-jS.,... 4105 8-9T 1-*8 280 A0.L. guimain*. 

61 [F«F, 0 fli]H/C!t 3 K»>«+ 8 H ,0 . ^ jg .^ 4 , pyridiw. 

!3 [Fe(80,),lH(CsH,S)-t-2H,0. m M»288. 

63 [Fe0l,(C,O«Pl®»U**^ •;. 28-90 4-07 - 32 M=4«. 

64 {FeS0*(C,0.)JH>(C.H|N)^ ... ^ jg 4,^, 

86 [Fe(OH,UC,0.)JHtCAS)-. 508 + 19 281 An.d. 

t ••■ ”«*■“ ‘pi.r* 

69 15:» + « ^^ 

60 [F«(Ci 04 )*]S,(CjH,>), . ^ ^ 28-3 iwiji^fnii*. 

81 [pi((a0«U(C„H„>',0),. g.gjj ^ 42 i^l 4 ^ 

62 .. jg ^.23 . 91 ai-9 Ai«l.,o««iwtoA 

63 [PW»4(C,04)3H(C,H,S). _ 9 39^1 lt»:44l,ca^Hrroi|o 

64 .. ^2-22 420 +14 28-3 Amtfl«»»«»». 

66 F»(OH,OOCaOOCH,), ....^.. ^ 3g.g 

66 [F.(q,H, (0)000), ]K+*HjP . _ q m BwaMrowabfc 

67 ” . 38-88 416 0 ^’8 

68 rtVViKH'i.. w-ss 412 0 j*'* *>“•"*• 

69 [F*i;ftH 4 (OO^ 0 i“Al*i^"“*'* 3 . 3 * 4.20 1 KH 7 ln*l.. »•««*• 

70 F«OjO,+^®40.«. 

+ 1 26-4 AwOn. .*»««• 

71 Fe(C10»),+«|fftO. pMcldonw- 

. 41W 8-41 0 260 At»L, (itvm 

72 P,lC,H,OA+^.0 . 
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Dr. Baadisch, the chromiam salts Nos. 73, 78, and 79, 
loaned by Dr. Hendricks, and Nos. 46, 68, 70, 71, and 72, 

whiefa were of commercial origin. TOio plots of ^a=^^[T) 


are not shown. In each (»ise wkere observations were 
made at varions temperatnres the relation was linear. 
Onlv in the cases of salts Nos. 66,67, 68, 69, and 72 was a 
stndy of the temperatnre variation of the susceptibility' 
omitted. The recorded values of 0=0 are, therefore, not 
observed values, bat were assumed. This assumption is 
justified by the fact that the valoes of O and p are the 
normal valoes of the type of ion involved. 


Tablk VI.—Miscellaneous Chromic Salts. 


Bi*f#r«nre Sait 

KxlU* 

(aorcO). 

a 

0. 

P- 

7H 

K,Cr(CSl, . 

1«-84 

1*73 

*fl7 

18*5 

74 

[Cr<C,0,),}K.+aH;0 . 

izm 

1*77 

4-12 

18-7 

7f» 

tCrc0H,),iCH80,)+iH,0. 


1*87 

4*13 

19*2 

7<l 

. .. 

imz 

1*84 

4-3^ 

1941 

Ti 

[Of(Sir,),a3a, . 

24*80 

1*73 

4-14 

IS# 

TS 

tCnOH,'ja,iW«») . 

. 22*42 

in 

4- 4 

iS*7 

79 

(Cr.0H,Ti,CI,]Cl4.2H,0 (green).. 

22^ 

170 

4-17 

18*4 


Unfamiliar organic groups may bo identified by their 
names, which are found under “ Bemarks.” Balts Nos. 50, 
53, 54, and 64 had {lartly decomposed, so that they contained 
more iron than the forinuie indicate. The true molecular 
weights as determined by iron analyses are shown. It 
should he noted that the last three salts listed in Table V. 
are ferrous salts. 

None of the salts listed in either toble shows any featares 
of any particular interest. To the first order of accuracy 
the Curie constants and the Weiss magneton nnmbere are 
normal, and the values of 0 show no larger fiuctuations than 
are found In the simpler salts. One salt that may be noted 
is the ehremi-cymiide K,Cr(CN)s, No. 73. With Cr are 
associated 18*5 magnetons, approximately the usual 19 
found witli simple chromic salt^ whereas the <c»rresponding 
cobalt salt is diamagnetic, and the ferrievanide KaFefONls 
^ves the low magneton numbers 11*9 and 11*2 according to 
the temperature range. 

Phit. Mag. S. 7. Vol. 6. No. 36. S^pt. 1928. % K 
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I, .!» b. 
t,o. «. 

reportea for these two selts*. 

IV. c^'f. . 

T»»Livn. 

PWi.m ..J C«t«lt r.«rJi~B" ° 


Ko. 


Bm* 


81 [Or(««y^i*^^^a^ 

^ [C5i<«n),^SO,), ... 


KxlO» 
(80“ 0.). 

0. 

#* 

P* 

H-60 

isa 

+ 10 

IW 

fK» 

1*10 

+13 

18*8 

14‘^ 

1^ 

+ ld 

10^ 

14*# 

H4 

415 

iBb 

W18 

i*7l 

4^15 

\B4 

1815 

1*70 

4 IS 

WB 

18^15 

1*70 

+ 12 

18*8 

36'47 

1*77 

+17 

18-7 

18*38 

1*75 

+ 0 

18*6 

18*64 

1-75 

+ 14 

188 

16*68 

1*78 

+ 8 

188 

16-rr 

1*76 

+16 

188 

n'» 

1** 

+13 

180 

11** 

1*86 

+ 8 

181 


^^’■Si.rr.M tomp.r..ar. only. I" ‘>^ 



b. by «r.t» 

f toe.itH* 
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V. A Ferrieyamide mmd i&me JFVrrte Penia»ei/an0 DernMUive9m 

The data on this tjj^ of ferric salt are shown in Tabfe 
Till, and in fig. 6. The ferricyaiiide was a sample from 


Temperafmre^ V( 

TABta Vin.—Ferricyanide and Penta-cyano Deriratiires* 


aa». 

Kxio* 

a 

0. 

p- 

Bs* 

04 

lf,P«(OS),. 

. 6-07 

orao 

- 6 

\1^ 




0^ 

Hhsr 

II'S 


05 

[Si4PK0R)«BHJ+SH,O 

. 7-^ 

0-707 

-0# 

11-8 


96 

piisI"t(0ir),OHJ+5WH,O.. 

0 38 

0041 

-.25 

11‘3 


97 

[Ki4F^cn),no.hsh;o .. 

5-60 

0«M 

-.25 

11*2 

amd. 


2K2 
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iirinliytt h..« l«i> ‘**“r*’^AlS^"tnhi 


Rg.6. 



u^ diMwii from this r»rt of tlm work w tbot the low 
* fanml in ferricranide is rotained wilhoot matonal 

Sr«"oJ onllurnS oibor groops for tba CN radiefo 
The momoiits observed in the pente-oyano oomponnds fall 

« B 0 fl 8 iaiinf Atm. der Ch^rn* f* I (1900)* 



Siudt€$ M SaUtm 


3m 

within the limits 11-2 and U*9 magnetons observed in 
K,Fe(CN), above and below its transformation point at 
62“ 0. The fact that the amino salt, No. 95, ap^rs with a 
higher moment than the aquo and nitro Mite, Not. 9b and 
97, is not doe to experimental eirors. Each of them was 
measured twice, and they ^ve each time ^gneton 
which agreed with the values ot the table within 0*2 unit. 
It seems possible, in view of the two moments observ^ in 
the terriojanide. that a suitable tempemtore ^ge ^uld 
found in which the amino, the aquo, and the nitro salts would 

have identical moments. 





Attention may be called to the fact that the 
susceptibilities of the ferric pento^yano 
Table VIII. are from 62 to 78 per cent, of the valuM 
reported in a preliminary note • lhr«i years ago. A mrt^ 
thw discrepancy is due to the better quality of the m 
since. The present measurements were made on the tl i d 
set of Mite that have been prepared at this Institute, 
the larger part of 

use of K,Fe(CN)* as a standard, and from the facUhat I 

taken ite susceptibility to be K*+9*0x10 . 

• Welo, ‘Nstere,’ civi p. ( 18 Si). 
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due to Oxley • (corrected for the newer eusoeptibilitT of 
w«ter, -0-119 x 10 “*) seemed to be sappwr^ W 
ipe«i in tlie phy^cal tobies, which ore 
it that time I was not aware of t 

on KsFe(CN),. His valne of K ^ 

which is in as close agreement witii K- + 6^X lO ,i» 
shown in Table VIII., as can be expected from different 

“T&ra studied K,Fe(0N), thronghoot a temperatnre 

range from + 21® C. down to —148® C. When g-if plotted 

against T, his values fall very accurately w a straight line 
within the range - 12 ° C. to -118® C. The values of O, 
0, and p as determined 

0-925, - 68, and 13-5 respectively. Accordingly, h.»l* )t 
has sttll anotiber transformation point at some lower 
temperature. 


eem^n^ wiwt — 

with^ solutions." Her magneton numWrs are 11-4 for 
concentrated solutions and 10-9 for the 
magneton number of 11 s^msstf^|e,m view of tben^l^r 
of the order 29 observed in simple ferric salt*. But it 
be reralled that the number 11 is as^wted with iron. We 
are reminded that the empirical Weiss magneton i^ by 
definition, just one-eleventh of the atomic moment, at 

saturation, of pure iron. , 

Incidentally, it may lie of interest to mention that 
K«Fe(CN)« the amino salt, Ko. 95, and the aquo Milt, 
No. 96, yield ferro-raagnetic decompositioii nonets on 
decomposition in air at 300® C. The nttro salt. No. 9^ was 
not tSS. Qualitatively, these decompositaon prodm^ 
behave just like oxidized precipitated magnetite §. 

permoabilitiesaresmaller, but of the same order of ^i^e 

M in precipitated magnetite, and on heatiM to eotr U a 
noii-revoraible transformation takes place. Ferromagnetism 
doMi not app«ir on cooling a^n. 

VI. SohMe and ItudMe Fruoman Blw. 

SeduUe and insoluble Prussian blue will he vety briefly 
censiderad in this paper, since the measurements and thmr 

i wSf’JSntoK'nSli.i ^W (1«SIS)1 s—.. mJ 

Posqjdc, /. WM. Aetti. Set. xv. p. 899 (IflSfi). 
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sij^nificaMce to the disputed qaestion of structure »re bmun 
published elsewhere*. 

Soluble Prussian blue is regarded as a potassium-ferno salt 
of liydro-ferrocyanioacid with the formula K Fe [F#(CN),], 
whil“ insoluble Prussian blue is the ferric salt of the same 
acid with the formula Fe* [Fo(()S)«]i. It is well loaown 
tliAt tha ferrocvanides are diamagnetic^ and we suall see in 
the last section "of this paper that the paramagnetic contrib^ 
tion of the quadrivalent ion Fe(CN)*, if any, is practically 
negligible. The measurements on the soluble blue 
therefore computed on tlie assumption that only one of the 
two iron ions carries the magnetic moment. In the case of 
the insoluble blue, it was assumed that only four of the seven 
iron ions contribute to the paramagnetism of the ©ompound. 
On the bases of these assumptions, it was found that the 
ferric ions have approximately’ the normal moments as 
observed in simple ferric salts. For the soluble blue, 
KFe[Fe(CH),], the magnetic constants 0*405, 

<?= + 22, »s=28‘3; and for Ae insoluble blue, Fe 4 [Fe(CN)e ji, 
they were : 0*3-92, 0 = + 15, and |>=27-8. 


VII. Salts showing Anomalmts Icmficrature Varmtion 

of 1/Kb. 

Of all the atits examined during the <»urse of the work, 
only four were found to show irregularities in the cnrv« 

^ */(T) other than Ae frequent change of slope indicating 

a reversible transformaHon. No. 100 was a triglywlate 
rFe{00H,00O),]H,(C,H*N) + 2E,0 wiA a su^ntibih^ 
of' +l5-4xl0“* at 20® 0. No. 101 was a ibglycolate 
f FeCOCHjCOO),]H {CjH,N)-t- 4H,0 whose ^s^ntaWb^ »t 
20® O. was +24-1x10-". No. 102 was [FeF^p: wtA a 
susceptibility of +37-3x10-* at 20® C. No, 103 jras a 
riolvnuclear chloracotate of the type ®®"**3ered in the hm 
part of Ais paper. Its formula was 4[Fe,(C Gl^OO),(OH),J 
+ |HiO, and its susceidibility at 1K1®C5. was * 

The four salts were obtained from Professor W^lpuT. 
Nos. 100,101, and 103 were analysed here at Ae ti^ of 

the magnetic measurements. The curvesobtained are show 
i n fig. 7. Values of C and p, calculated from the short middle 
l«ortions of the curves, where they apparently rtraight 
lines, yield values of these magnetic contents larger than 
usniil values for Ae ferric ion. The (? values for Nos. luO, 


• Ihrvidson aud Welo. Jmtrtt. Pkff«- Che‘f’. (ia 
t Xtit. anorg. Vhem. cli, p. and cl. p. 4/ (l9:.o). 
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101, and 102 are, respectively, 9’00, 7*20, and 5*51, leadltij; 
to the magneton nambers 42, 38, and 33. Wi A Ho. 103 no 
com potations are possible. 

Tiiese salts are unstable. It is quite certain that Hos. 101 
and 102 contained ferro-magnetic decomposition products 
before being heated daring the measurements. Ho. 101 
became strongly ferromagnetic on being heated in air at 
170®<J. No/ 102 became ferromagnetic on heating at 
150° C., and very strongly so after being heated at 300° C-. 
In both cases the decomposition products became simply 
paramagnetic after having been heated at 600^0. The 
decomp<mtion products of Nos. 100 and 103, on the other 
hand, do not go through the ferromagnetic stage, but change 
directly to a parama^etic condition which is not altered by 
heating at 600° C. The presence of a ferro-magnetic 
impurity in Nos. 101 and 102, due to decompcwltion, would 

account for the flatness of the curve ^ =®/tT) and large 


values of C and p, since the ferromagnetic part is relatively 
insensitive to temperature changes. Salts Nos. 100 and 103. 
which decompose very rapidly at 75® C., were probably 
decomposing, during the measurementB, into more para¬ 
magnetic forms at such rates as to make apparemly 
constant in the case of No. 100, and fast enough to make 


K decrease in the case of No. 103. 

The true magnetic constants are therefore unknown. 
The glycolates. Nos. 100 and 101, could be diamageetic for 
all- that the present measurements tell ns. It is more 
protatble that the ferric ions carry the normal moments, 
out that the salts are characteriaed by large negative values 
of 0 in the Curie-Weiss law. The glycolato groups would 
he expwsted to he electric dipole*, and might give rise to the 
magnetic behaviour observed in the pidymtciear salts as 
described in Section 1. of this fiafter. 

A calculation readily shows that if the salt No. 103, 
J{FV*(CCl,000),(0H)il-f |H,0. is really of the .same type 
as the polynuclear salts described previously, in which were 
found the usual ionic moment for the ferric ions, 0 in tin? 
Curie-Webs relation K,(T—^)sbO would have to I»e at 
least - 1100 . 

It is iuterffting to And that an anomalous behaviour in an 
iron flumride has been noted before. Isbtwara * studied 
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FeF,+H,0. It is indicated by him, however, that the 
chetiiical formula was a little denbtful. The susceptibility 
varied very little throughout the temperature range of 
--160°C!. to +170®C. Isliiware’s duoride, FeFa+HjO, 
and Represent [FeFJ K were both, probably, contaminated 
by a ferromagnetic decomposition product. 


Table IX.—Diamagnetic and Near-lHaiiiagnetie Salts. 


Ho. 

|5o. of 
lloiiiitfo* 

mmU. 

KxlO*. 

KaXM*. 

Betmirls^ 

tm 

H.EwCS),... 

4 


+ 54) 


m 

K.FelC9t),+8H,0 . 

7 

-0^40612 

+ 5*0 


m 

K,Fe(CH},. 

4 

--a*a^±i 

+ 4-1 


m 

K»4F«CN5,+9-5H,0 . 

4 

-0-t74±S 

- ID 

Amt 

m 

II«*F«CCK% .... 

3 

4>340±1 

- 2D 


m 

0<i,FeiCH%4.lO-MI,0. 

4 

-0^435+1 

+ 8*3 

jlnaL 

m 

Hii,F«(CH,s,SH,+4-21I,0 ... 

3 

-fr37l»±2 

+ 18 


111 

N«,Pe(C2r),W,+8-8H,(». 

4 

--e393±6 

+ 31 

Atml. 

m 

H»,F*(CN),N0,+7SH,0 ... 

a 

-0*331+4 

+ m 


113 

X*,F«C.«r).0H,+2-3H,0 ... 

4 

-0'^±3 

+ 52 

AiiaL 

IH 

N«,F«<CK,«tO+2H.O . 

5 

-0'348±4 

~ 4D 

Nitrc^^iianiib 

115 

[FrtC^H.KAjBr, . 

3 

-CK)69±I 

+1% 

Dipyridii 

lie 

K%W(CS),+-.'H,0 . 

3 


- 27 


117 

K,lIuiCSii,+2H,0 . 

3 


^ 5 


IIB 

tOof>n),(NH,)Oi]Bf,, tla-To) 

5 

—0*305+1 

+ 08 


119 

{CiK««.y XH,!Cl]Br, <d«tro) 

5 

•O’202+l 

+ 73 


m 

[ C^ni )^{ X H, iCI ';C1, (r»e«in »*>' 

3 

-0*324±l 

+ m 


m 

co<q,H‘m),. 

Est;. 

+0*3 

4*400 

Eitrobmoi. 

m 

K.CrO^ . .. 

m. 

+01M 

+ m 

Attd, 

m 

.. 


+0*25 

+ 00 

Anal. 

m 

Crt>, ..t. 


+3 

+m 



VIII. JHamagnetk and year-Diatmgm^ic Scdts 0 /Varioui ^ 
Trandtion MUmeute. 

The observed specific susceptibilities of these salts and the 
computed atomic susceptibilities of the metallic imis are 
tabulated in Table IX. The fcrro-cyanides and the nitit^ 
prusside were commercial products. iThe hvdro-ferrocyanic 
acid H 4 Fe{CN)« and the ^ninta-cyano compounds weie 
prepared by Dr. Davidson. The cyanides of tuiigsten and 
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molybdenum were leaned by Dr. 

were the chromates by Dr. Hendricks. I**®,***^^*^^! , 

salt and the nitrobeusol salt of cobalt are due to Dr, Bandiwh 
and the cobalt a?nines are doe to Dr. King. It is *“^^**J 
timt tlie susceptabilities of the last four salts were 
estimated. The apparatus used was not sensttrre enough for 

-hiol. .. bjeom. 
on th. d.u of T.bl. IX. is th.t of 

nararaaisoetisTn independent of the temperature, * a conceptiOT 
which it is diffienlt to reconcile witti prevailing magnetic 
theorr. It has been supposed that potassium ferr^yanide 
K,FeY0N'ef-3H,0 is one of the comi»ounds m which the 
metallic ion ap|Kmr# with a small positive j' 

bilitv after correction for diamagnetism of the otiie 
constituents. KMnO*, K,CVO„ and the cobalt amines are 

familiar examples. . if 

In view of the present results it is very « 

K4Fe(CN),+3H*0 belongs in thb category. The b«t 
todieirtion that it does not is the fact that t>e (torres^nding 
sodium salts Nos. 107 and 108 give residuals which are 
definitely not positive. Other points in ®8®*”** 

residual ^ra-magnetism in iron in the ion [PefCN),] are as 

follows:— 

1. a.Fe(CN)« apparently has a residual atomic suscepti¬ 
bility^ + 5x l0-\ but it is known that the i^iamagnetic 
snsceptibiUty of this acid is really more than -0 3g8x 10 . 
The acid decomposes at ordinary tempewtnre into ^e 
paramagnetic Prussian blue. The particular sample used, 
Uichlve K«:-0-328 Xl0'‘soon after preparation, wm 

found, 22 months later, to he actoallyparamagnebc. Hence 

If sa — 0 - 32 ?} X lO'* is certainly too small, *n« uou' not 
represent the true diamagnetic snsceptihilij^. An morose 
iii*^K hr 7*5 per cent, to K« -0 352 x 10« would remove 
thu apiiirent ^itive residual of +5x10'* for iron in 
H4Fe(CNj,. 

2 The evidence is that the susceptibility of potassium 
ferrocvanide depends on the lield 8tfetit;th. The prewiifc 
susi^^ibiUty of K*-0*408 x lO'* was obtained with a 

field ^inten/tv of 11,0<« g»o^ Tb» « *« 
agreement with Oxley *, who, however, does not stale the 


* Zoe. dt. 
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fialil intAnaitv IshiwftTE ■* ll*®d stWOgiJlS of 
Mta intensity# j ir — v lO*"* which leads to 

2600 gansa, and ’f XmVio~« as 

a positive atomic susceptibility for iron of +29x10 j» 

collared with about +5x 10‘* m the pr««nt ex^nmente. 
Thai distinct suseeptibilitT values at different fields indicate 
the presence of a trace of ferromagnetic material. 

3. 'fhe ferromagnetic traces suspected to be 
ferrocvanides are the nabiral decomposition ^ 

of the ferrocyanides, the penta-cyano comwnmk ^d the 

oi me lerr^i , r dinvndvl salt No. 115 


I#%fUr*! IPS w» — - 

merely paramagnetic. ^ ^ , j 

In connexion with the ferrotgranides, it is to be obse^^ 
that the potassium and sotliuro ^Its "wrtnt^ to 

the dehvKed condition brought **2^25*0 

cnnstant weicht in an atmosphere of nitrogen at izo U. 

This was done, not so mnch to test for a 

effect of the water of cry^lHaation, as to 

diamagnetic correction to apply for wf«r. 

fti caiemktcd from PaisKml s additiTC —104x10 ^ 

whereas the otoerved molecnlar sus^ptihihty 

-0-719 X 10-« X18 = -13 X 10-«. Use of the latter valw 

in computing K« for hvdrated potassinm and wdmm fen^ 

c'lunidL leads to values of which a^w, 

with the values of found for “ 

incidental matter, the conclusion is jnstified that wat^, as 

water of crystailixation, is magneUcally identical with water 

*" %e ferrous penta-cyano compounds,^though diaiw^et^ 
yield p^itive'residnils for iron which «re larger than the 
Sdurshown bv the ferrocyanides As has been ^mted 
^Uese salts give for.ro.magnetic decom^tion prodncte^ 

to be too low. It would be interesting 

penta-cyano compounds over a range of low teroperatnrM 

to see if there is present, also, a trai» of the 

ferric which, as has been swii in 

magnetic. Ishiwara has already shown that K*Fe((,N), 

+ 3H,0 is free from any paramagnetic component, 8in<» Ae 

snsceptibility was constant between room and liquid air 

temperatures. 
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It is to obsorrod that tbo ferrous ai|iio sah No, 113, 
NiuFe(CN)«OH„ WIs into line with the other ferrous pente- 
OTano salts, in contrast to my previous results as prewn^in 
a letter to ‘Nature’*. At that time it was thought to be 
and to approiusfa iu strength the ferrio penta’* 
cyano salts. This salt is esp^aally likely to oxiaise to 
the paramagnetic ferric form unless great precantjons are 
taken* 

The nitro-prasside,No. 114, is the only ferric jmnta^vano 
compound so far known to be diamagnetic. It airo » 

neg^ive susceptibility for tbe iron in it One » tempted to 
regard diamagnetism in this salt as being due to «»m^nsa- 
tiw of the moment associated with the ferric ion by that ot 
the HO gronp. Quantitatively, however, there aris® a 
discrepancy of 2 Weiss units, since the moment of the 
NO molecules is 0 magnetons. 

No importance is to be attacheil to the snsceptibility value 
and the positive residual found for the dipyridyl compound 
[FefCioHgNilsjBr,. Only one sample was available, and 
the quantitv was too small to permit accurate measurements. 
It is inelnded in tbe table merely as an additional example 
of a salt which is diamagnetic in spite ot the present ol 
iron. Tbe corresponding sulphate (instead ot bromulc) has 
been reported n$ diamiigiietio by Berkman and Zocher 
but it is diflScult to accept their value for the susceptibility, 
Ksk —1*7 X 

The cobalt amines containing the ethylene-diamine 
(enatNHjUHjOHjNH*) are diamagnetic, as ^senbobm 
found them to be, but tbe mean value of the atomic snscepti¬ 
bility for the cobalt, K,= + 70x lO’*, b a little higher than 
his valne of = + 60 x lO"*. Tbe lack of agreement seems 

to be outside of the experimental error. The samples were 
old, having been prepared in 1911. These salts do n*» 
yield ferromagnetic decomposition pn^ncts, but tlwy |wc^e 
paramagnetic en beating for a few ininntt*s at 35™ v. 1 he 
presence of a small trace of a paramagnetic *3^ 

aaggested by an observation on tbe salt [Ck>(en)iCljji b «« 
the same lot as tbe cobalt amines and, presumably, preparetl 
at abont the same time. According to Rosenbohm, this 
salt should be diamagnetic. It was jairamagnetic with 

K = + 11*3x10'«. ^ . 

The two chromates. Nos. 122 and 123, are seen tf gJJ'® 
positive residnals for chromium in close agreement with the 

* toc.tU. 
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valae K«s=-t63*3x 10~* found by Weiss and Collet* in 
the dichroBiate KjCrjO?. 

The value K= + 3 x lO"* for Or 0* is too high on account 
of partial decomposiiion. For this substance Ishiwara 
found an initial susceptibility K=+0‘51xl0**i and that 
the susceptibility rose to very high values on heating. On 
still further heating, CrO* b^me CrjOa and less magnetic 
withK*2«-5xlO-«. 

In condosion, it may be remarked that salts such as ike 
cobalt amines and the chromates, which seem to yield small 
positive residuals for the susceptibilities of the metals, need 
very careful studies as to the constancy of the susceptibilities 
when the temperature is varied. Miss Collett in collabora¬ 
tion with Weiss has studied a Inteo cobalt salt and 
KjCrjOt, both as solids and in solution. The detailed 
results have not been given, as far as I know, but the 
published note giv^ the impression that the susceptibilities 
are constant only within very narrow limits. One element 
of diflRenlty in .this, problem of re.4dual paramagnetism 
Independent of the tem^rature is, of course, that of the proper 
diamagnetic constants to be nsed for correction. An ixjnally 
difficult one is that of excluding or allowing for possible 
paramagnetic components. 

It is a pleasure for me to express my thanks to those 
who hare supplied me with material and who have, in 
other ways, contribnted towards this work. I am especially 
grateful to Professor R. Weinland, Professor P. Pfeiffer, 
and Dr. D. Davidson for supplying so many salts of 
uniformly high quality. Dr. S. B. Hendricks, Dr. K. Feld- 
mann, and Dr. V. iCing have also contributed many rare 
salts. Dr. 0. Bandisch was largely instrnmental in obtain¬ 
ing the material from abroad, and it is to him that I owe 
my interest in the subject of complex salts. Thanks are 
due to the General Electric Company for their kindness in 
lending the electromagnet. 

Rockefeller Institute for Medkid Besewreb, 

New York, Aptfi 12di, 18®8. 


* Weiss k CdUet, Ctm^. Mmi, dxxviiL p. SI46 (1^), dxxid. 
p. 10&7 {1938). 
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L. The Skerfaee Tension of Litfuid MHals.—^nn 111. lh» 
Surface Tendon of Mercury. By L. L, BiRCOllSHAW, M.A.., 
M.Se.* 

T he surface tension of mercury has been tiie 8nlq«<^ of 
many investigations under verv different conditions 
and by many different methods. The more recent work 
may bo brjedy reviewed. Stockist fomed a drop of 
mercury in an enclosed vessel which could be evac^tro 
or filled with a pure dry gas. Treatinjg the surface of the 
drop as a convex mirror, he determined the fHisition of 
an object and its ima^, from which the radios of curvature 
at the vertex was calculated. He obtained some very 
remarkable rreults, which are given in Table I. 


OtM. 


Vwtmtm . 

Air (drif) ..* 

Air (moist) 

Ckrlxm dicoids .. 

Ox^rgmi ... 


Table L 

y. 

y (»IWr 1 lioiir). 


mgjmmrn 



44-4 

44-4 

n 


44f 

IT 


43*7 

IT 


43T 

m 

4m 

44-4 


4ST 

44-0 

u 

4m 

44-6 


It was found that if a determination was made m 
raiudly as possible (in a few seconds) in vacuo, tiie value 
44*4 mg./mm. wm obtained, and this value was unchanged 
in one hour’s time. If the drop were formed, however, 
ta a gas, the initial value was much higher, but fell i^r 
a time to the value obtained in vacuo. Stdekle determined 
the fall of surface tension with time, and mvos carves for 
all the above gases. It was found that the initial high 
values fell very rapidly in hydrogen (about 5 minuM, 
more slowly in carbon dioxide, and still more slowly in 
nitimcen, which required about fifty minute for the value 
to Ml to that obtained in a vacuum. Me ooastdered the 
eSeot to be due to the condensation of gas mi tlm surface of 
the mercury. Stiicklc’s results are in general confirmed by 


t 


rvunttuamcated bv Sir i. J&. rstavsl,-fi^»Brf^i, r.ItaS. 
!^d.l%fsife,lsvlp.4»(ia98). 
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Mejrer who used tb« Tibrating jet mediod, and therefore 
found higher iniUla} valnee (51*5 mg./nun. in mir and 56*5 
in l^drogen). 

luiUihnet formed stationary waves by means of, the 
interference of two progressive circular wave syrtems in 
the surface of some mercury, and produced in this way 
what is, in effect, a plane reflexion grating. The wave¬ 
length of these small ripples is then equal to tiie constsnit 
of the grating, and this was measured, using sodinm light. 
He obtained rather lower values than Stockle, his highest 
being 44*0 mg./uim. at 18®. 

Oenao ^ measured the surface tension of mercury in air 
and a vacuum at 0®, and found 437 dynes/cm. in air and 460 
in vacuo. He used the drop-weight method and Lehnstein's 
corrections. A more recent determination by the same 
method by Harkins § gave 476 dynes/cm. in vacuo and 465 
in mr. 

Hogntffisi found no difference in the surface tension of 
mercury in hydrogen when the pressure of the gas varied 
from 300 mm. down to a vacuum giving the green fluores¬ 
cence of the glass with the ei<»:tiric d^harge. No difference 
was detected when hydrogen was replaced by dry air. 

Iredaleif, by mmuis of the drop-weight method and 
mercury distiiled into tiie apparatus in vaeuo^ obtidned 
456 dynes/cm. at 18—19® in air at atmoi^berie pressure 
(approx.), and as the pressure was decrmumd, the sur&u»i 
tension diminished to 410 dynes/cm. at 10“* mm. Ircdale 
suggests that there is seme impurity present which lowera 
the surface tension, and this impurity is more effective 
in a vaenum. Bemov^ of the taps in the apparatiis, with 
their attendant lubricant, had no effect, howeTOr. In 
further experiments merenry was re-distilled twice in a 
currimt of air and then m vacuo. After distilling the metal 
into the apparatus, deternunatums wciw made as qukdtly as 
possible, and a vaine of 475 dynes/cm. was obtained at a 
pressure of 10-» mm. On admitting air the value fell 
to about 460 dynes/cm., mid after re-evacnating it fell to 
410 dynes/cm. Experiments made with water-vapour in 
the dropping ofamnber getva a value of 411 dynes/cm., which 
is almost the same as that fonnd for merenry m ooeuo j ttie 


* Aim- d. Ixvi, p. 62S (1896). 

t Aim. <1. vii. p. 440 (1»0^). 

t Amt. Chem. et /%s. p. !i8e (1913). 

$ J. Amer. Chmn. 8oc. xlii, p. 35.^ (1930). 
I) J. Aumr. Cirnni. See. xliu. p. 1681 (1831). 
1 PWL Hag, xlviiL p. 177 (lfe4). 
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sacgestion is mad© that the adsorption o£ water-vapoor from 
the glass is the cause of some of the anomalous 
obtained. A further suggestion mad© by Iredale m this 
paper is that the pressnre of air may raise the pressure of 
water-vapour necessary to form an adsorbed film. 

In a farther commnnioatiou * Iredale has determined the 
tsurfaoe tension of mercury by the measurement of a swsile 
drop. The mercury is distilled on to a glass pl^e enclo^ 
in a glass diainber which can be evacuated. He uses tiie 
simple formula; 

2#y 

where h is the distance from «he maximum diameter of the 
drop to its vertex. Drops of about 1*5 cm. in iliameter are 
employed. He found that the first few drops distilled over 
cave a low value, but that ihis rose after successive quantities 
were disUlled, and he suggests that the first portions of the 
mercury tend to remove some impurity from iMo glass 
surface. From a measurement of eleven successive drops 
the surface tension rtra© from 430 to 465 dynes/cm., and 
after remaining for 24 hours in vacuo the value was found 
to be 446 dynes/cm. The admission of pure dry air to 
a mercurv surface formed in vaeuo does not alter its surface 
tension to anv great degree, but unpunfaed air apjiears to 
lower it considerably, and the contoinination is irreversible 
Iredale considers that “ when a surface is formed at 

atmospheric pressure the presen<» of the air may hinder the 
adsorption of the impurities, but the admission of air u» 
a surface already formed in a vacuum does not appear 
to result in a de-serption of impurities,’ ^ 

Popescot has determined the surface tension of mercury 
by Ae previous method, and found a value of 436 dyn^/cm. 
when the drop is formed and kept in a vacuum. If the 
drop formed in vacuo is exjwwed to a gas a decrew in tb« 
surface tension is observed. When a surface is formed in 
a KBS the initial surface tension is greater than when formed 
in voftto, hot decreases after a time to the vacuum value. 
Pope«m investigated these effects wiOi different ga^ and 
at different pre-ssures. It wiU be seen tlial be confinns in 
eeoeral Stdckle’s results, and he ascribes thesa effects j^rWy 
to adsorption and partly to the orientation of raol^ules m 
the liquid. liangmuir has shown that tiie imtial velocity of 

• PbiU Mag. xlix. p. ^ 

t Ann. <fe Phjfnfue, nu p. 403 (198b). 
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{>hoto<e1ectroD8 emitted from a mercnry sarface is modified 
similarly when the drop formed in vacuo is exposed to a gaa. 
Popesco confirms this and points ont the close parallelism 
between this phenomenon and sarface tension. 

Sanerwald and Drath * have recently made some deter¬ 
minations of the surface tension of mercury by the bnbble- 
pressnre method. These authors made experiments widi 
a thick-walled glass capillary (0*61-1*28 mm.}, a thin- 
walled glass capillary (0*035-0*05 mm.), and a thin- 
walled etched glass capillar}*. Their resulto are as follows 
(tsslfi®) !— 

r- 

TUek-wrdkd espiUary .. 46&-4S0 

Mpilllary ... 453-476 „ 

Thin-walled etofaed.. 465-474 „ 

A specially selected capillary with a thick wall gave 
results which variiul from 469-479*8 dynmi/em., and a 
thin-walled etched silica capillary gare values from 469- 
477*5 dynes/cm. The influence of uie depth to which the 
tube dipped in the metal was also investigated, and it was 
was found that constant results were obtained when this 
exceeded 3 mm. 

Burdon and Oliphant f, by the photography and mwisnre- 
inent of a sei^ile drop, Wve repeated Popesco’s work and 
confirmed his conclusions. They also found by means of 
the drop-weight method that luercuiy gives values when the 
drop is formed in air, which are only 1 per cent, higher 
than when the drop is formed in vacuo, and tiiey consider 
that the drop-weight method fails to detect the differences 
between the air and vacuum values. The^ criticise the 
drop-weight method on the grounds that it is finally based 
on the value for the surface tension of water obtained by 
the method of capillary rise in glass tubes, and that flhe 
method Ims been Msed on determinations made witli Hqnfds 
of approximately unit density which are suspended from the 
outer circumferonc^ of a tnhe. They are doubtful as to 
whether the form of drop will be the same for liquids of 
high demnty, e.p. mercury which han|p from the inner 
circumCereuce. 

In view of the considerable divergence of the results 
found by previous workers, it was considered of interest to 
investigate the surface tmision of mercury by means of toe 

• Zmf. Amfy. Oitm. eUv. a. 79 (19S6). 
t Traas. Farad. Soc. xxiS. p. 906 (1^7). 

FM, Ma^, 8. 7. Vol. 6. No. 36. Sept. 1928. 2 L 






5J4 Mr* i-*' I** Bircumshaw on the 

maxiinom buWe pressare method under a nnrober of 

different conditions, ri*. »— 

<o) The nse of tnbes constructed of glws (soft). 

(6) The Vise of tubes constructed of silica. 

(c) The use of different gases for blowing the bubbles. 

(d) Varying the time of formation of the bubbles. 

(e) Different physical conditions of the surface of the 

ends of tlie tubes. 


1 %. 1 . 



X 1 ^ 


Kx/terimental, 

The apparatus is shown in Bg. 1. 11 consists of an outer 

tube A It) cm. long which fits .ightly through the collar B. 
This collar carries a plate G, and through the top of the 
outer lulie at H i- fused u tube of .^^mailer diameter which is 
drawn ont to a capillary at its lower end. 1 he ends of both 
tnlies are ground carefully so that the cro»s.wction of each 
is in the same plane, and this ptiiiic is panillel to the surfa^ 
of the plate. The mercury is placed in the container C, 

• Ths risss laHitsiiiWf used had an interesl disweter of S'© eia., ani 
tlie internal diaiDetw of the dlka container ws* 2 # cm. 
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wbioh fits by tneftns of ft thick pad of cotton-wooi F into 
a thermos flask D, which in torn is supported bj a large 
wooden block E. The tubes are suspended in the uiercnry 
from a bracket attached to the plate, and this bracket is held 
by a heavy rigid iron stand. The stand, at its base, is 
supported on three levelling screws. By manipulatiiig 
these the plate can be levelled up, when the ends of the 
tubes will be in a horizontal plane in the liquid. By closing 
or opening the tsip I bubbles can lie blown at will from the 
narrow or the wide tube. The procedure was, of course, 
the same as in the previous work *, viz. the difierenee in 
pressure required to detach a bubble, first from the wide 
and then the narrow- tube, was measured. All the measure* 
ntents were made at The mercury in the container 

was placed in a thermostat for 15 minutes and rapidly 
transferred to the thermos flitsk. If the temperature of the 
room were kept at almut 20°, then the temperature of 
the mercury, after a series of measurements had been made, 
was rarely found to have altered by more than 0*5°. 

The mercury f was purified in the following manner;— 
A qa.tutity of the metal was placed in a porcelain dish and 
floated on the surface of some mercury contained in a much 
larger dish. The whole was then covered with water con- 
t lining a little sulphuric and nitric acids and electrolysed, 
using {datinnm wire electrodes with a current of 0*5 amp. 
for twenty-four hours. Tlie mercury in the larger dish, 
which was the anode chamber, was then removetl and dried. 
It was then distilled in air and finally in another still at 
a pressure of about 10 mni. of air. 

The gases used were purified in the following manner:— 
Hydrogen (generated electrolyticsilly from caustic soda 
solution using an iron catliode) was <lried, and passed 
through a silica tube at 6(X>® to free tlte gas from traces of 
oxygen. It was tlien passed through a series of calcium- 
chloride tubes. Nitrogen was taken from a cylinder and 
passed over copper gauze heated to 600°, and a short length 
of iron gauze heated to 800°. The iron gauze had been 
previously oxidized and then reduced in hydrogen. The 
gas was then dried by pas.ttage over (tilcinm chloride. 
Oxygen was taken from a cylinder and dried. Carbon 
dioxide was prepared from marble and hydrochloric acid ; 
the gas passed through smliuni-biearhonnte solution and 
dried through calcium-chloride tubes. In the actual deter¬ 
minations all these gases, with the exception of the carbon 
• Phil. Msg. ii. p. ii4l (1926), 

t For the prepanitioit of the laerearv I «ni indebivtl to Mr. S. Watts. 

2 L2 
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1*156 cm. 
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0 0964 „ 
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^In**i&e firat apparatus used the tubes 
following mean dimensions;— 

diameter of ooter tube *.*.♦* 

iQteroal diameter of ooter tnh^ . 

Sxtemal diameter of inner tube 
Perfectly concordant results were obtained with this 
apparatus, which gave: 

PwM.. p («««-)■ **• rdrn«/«« 

22*8 85-aS (M374T? 497 

The pressures are given in cms. of water. Experiments 
were 5ien made to determine how the surface tension 
varied when the bubble was held on the end of the inner 
tube at a pressure just Mow that at winch it becom^ 
detocbed, for various lengths of time. ^ 

40-50 secs, was taken to form and detach the hnhble, 
and ill these experiments the pr««snre in the hobble was 
developed to a v^lue 3-5 mm. helow that at which it was 
normaUr detached, held for various times, and in each case 
SThna! pressnre at which Uie bublde was liberated was 
read" After each of these determinations the normal 
«^«re ft e the reading obtained in the ordinary way m 
K secs.) was determined, and this practically never 
differed from the initial ordinary reading. It was found 
*W ihe lowerine of the pressure at which the bubble was 
detached always^increased as the time the bubble was behi 
on the end of the tube increased, but Umt the magnitude of 
Sie^ect was Imrdly ever the same in experiments made on 

**1 m.d. .»d two 

are givea »n Table II. The two series give (1) the smallest 
lowering obtained and (2) the highest. 


Table II. 


TSme {»«»■•)• 
0 
8 
10 
18 
90 
00 


Pwidb. 

2StS 

22*5 

W 


(1*) 

P narrow. 

«*. 

r dyaw/cw. 

38*85 

007477 

m 

S8*38 

007^ 

m 

s.vi.i 

007889 

408 

84*9& 

007820 

489 

81*88 

oomo 

488 

84*7 

007283 

4»D 
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( 2 .) 


Tim0 

F wide. 

F narrow. 


y dyuos/eiii. 

0 

22*4 

85*16 

0*07419 

490 

10 

22*4 

34*8 

0-07278 

m 

m 

22*4 

34*5 

0*07iri2 

476 

m 

^3*4 

04*4 

0*07111 

472 

45 


04-0 

mmif 



The sar£aoe o£ the ends of ^e tahes in tihis np^arains wu 
distinctly roughened. It had been gronnd witit Ho. 3 
emery. The ends were carefully polished witb fine emery. 
On messarement the diameter of the inner tube was found 
to be 0 0982 cm. and the dimensions of the outer tube the 
same as before. The ap{«ratas then gave the following:— 
If F mxmrn. uK f dxmmjmi. 

22<i5 MB (mm m 

This result could be repealed to less than 0*5 per cent. 
(‘O.'i cm. in Uie pressure diSerenee) any number of times. 

A similar apparatus was constructed wiUi silica tubes 
instead of glass. They had the following dimensions:— 

Mean external diameter of outer tube... 0*923 cm. 

Mwin internal diameter of outer tube ... 0*760 „ 

Mean external diameter of inner tube... 0*1022 „ 

The ends of these tubes were carefully polished. Tarions 
values were obtained with this apparatus, four of which are 
as follows 

F wick. F itiurrow. 

20*8 ^*8 

20*8 («) 88*4 C«| 

20*8 30*5 

The result of one of these readings (a) has been calculated. 
The tubes were then etched for ten minntes in dilute hydro¬ 
fluoric acid, when the diameter of the inner tube was found 
to be 0*1004 «n. Very high values were a^in obtained, 

as will be seen from tbe following readings, which also differ 
considerably among themselves:— 


F wido. 

F awrrow. 

212 


21*2 

077 

21-2 

MB 

212 

mb 

21*2 


21*2 

mrB 

21*2 

07^ 

21*2 

08*0 


«*. y dfum/em. 

(tiom ms 
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The entls of the tubes were then roughened by grinding 
with No. 3 emery. The external diameter of the inner 
tube was then 0-0998 cm., and the following result was 
obtained ;— 

Piridn. P narrow. a* ydyne^ow. 

Sa-1 34-66 0«72®0 481 

This r^ult could Im* reiwated any number of times. 
Bxperiinents were then made holding the babble on the 
end of the tube for various times, but prartiojdly no difference 
from the normal could he detected in the pressure required 
to liberate the bubble. Thewi results are given bel«w :— 



F wide. 

P narrow^ 


ydfnm/mxk. 

0 

ni 


imwa 

mi 

U 

n\ 

mm 


m 

m 


mm 


m 

m 




mi 


The glass apfianitus used in the above work was unfortu- 
natelr broken. A new one was constmctetl which had the 
following dimensions :— 

Mean external diameter of outer tube... 1-007 cm. 

Mean internal diameter of outer tube... 0-830 „ 

Mean external diameter of inner tube .. 0-0990 ,. 

The fignre.s given by this tulM- (repf-alalde to 0*05 cm. in 
the pressure difference) were :— 

P wide. P narrow. o’. y djrnee.'CO*. 

22-3 34-9.6 0-07461 496 

This apparatu-s, unlike the first one used, gave pructically 
no decrease in the reading when the bubble was held on the 
tube, as the following results sbowr ;— 


Time (niin*.). 

P wiile. 

Pmmrew, 

**. 

y df 

0 


mm 

007451 

495 


223 

mm 

0074.61 

4m 

U 


mm 

007420 

4m 

90 

22*3 

34*90 

007420 

m 


All the above determinations were made with hydrogen 

E nrified as described. Oxygen was next used. A very 
irge number of determinations were made, but it wm found 
to be impassible to obtain concordant Kwdlngs, and of 
these were very high. In some ca»w the normal riding 
was obtained a few minutes after placing the tube in the 
mercury, but the value r<»e rapidly after a short time. A 
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typical experiment ie detailed below, the initial reading 
being taken ten miontes after tbe tnbes were placed in the 


mercury- 





Time. 

P wide. 

F narrow. 

aK 

ydjiwa/cm. 

1.0 r.iL 


34*85 

0*07486 

493 



35*4 





35*2 




»t5 

^*0 





^*3 



a. 


301 





36*1 




nm 

35*8 





35*8 





35*i 



40 .y 


35*8 




nUf 

35*75 




^15 

^•7 




MU 

3575 




nu 

35^ 





^5 

msm 

544 


n^u 

36%^ 





33*35 




nu 

3635 




mu 

3635 




The resolts obtained with this apparatus when using 
nitrogen and carbon dioxide, and the ridings obtained 
when the bubble was held on the end of the tube for various 
times, are given in Table 111. 




Tabus III. 





AHtroffen. 



Pime (uttina.). 

P wide. 

P narrow. 

0^, 

7 djfiei/em. 

0 

22^1 

34*85 

04^511 

41^ 

5 

22*1 

31*85 

0417511 

4^ 

15 

»1 

34il5 

0117511 

m 

30 

^1 

34*^ 

007511 

499 



Carbon Diamde. 


0 

^*3 

35^ 

0117^ 

497 

15 

nn 

34*8 

007391 

491 

30 

22-3 

340 

007301 

4B5 

When the 

bubbles were blown 

%vith 

moist hydrogen 


(I'.ydrogen passed through water at 20®) the following result 
was obtained:— 

P wM«. P Barrow. a’. y dynea/cro. 

a)-3 S8» otW6n ao5 



g20 Mr. li. li- Biroumshaw on iho 

The seme result was obtained if a visible covering of 

water was placed on the mercury in Ae 

WiA Ae silica Abes the values given in Table IV. were 

found:— 

Table IV. 


(Hite.). F widt. 


Q 

IB 


0 

IB 

BO 


0 

IB 

BO 


^*1 


tl-SB 

21 * 0 B 

Bl-i^ 


226 

22*5 


JMiropen* 
p narrow, 
B#*fB 
$4*75 
$4*80 


omm 

o-oysio 


CurBw Diomd^. 


$4*5 

$4*45 

$4H 

O^ffen. 

$4*8 

34$ 

$4B 


0*07255 

04372^ 

CWltB 


€K37iei 

owiei 

O^OflBI 


m 

484 

4iB 


4il 

479 

477 


475 

475 

475 


It will be seen that no appreciable decreaw in 

occurs when Ae bubbles are held on Ae end of A« tube lor 

“teotrr.ui.«... i. rt» 

the maximum pressure of the bobble bad ,5 

value obtained %Aeii Ae time was vaned 
and 2 mins. 30 sec. Variatio,, wiA.n **«“** «/ 

depA to which Ae tube were immersed in Ae metal was 

aim fonmi to bo witboot effect on the valne. ♦.Knt.r 

The chief experimental results are given below in tabular 

form 


Hydrogea. IfUfogwo. 


CtHxm 

INiaide. 


Oxjl"** 




FedfisM . 

Babbie ladd 46 aiiot.. 

5C^ 

4^ 

461 



SmdgloMtnU, 

Bon^wasd... 

&iW.lMtd80aiiiM.. 

493 

499 

499 

497 

486 

amMimb0. 

FdUdwd . 

878 

461 

484 

m 

BuBI^ bffld $0 isliMb.*.... 

481 

ua 

m 


Sorwidta 


m 

m 
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DueuMoon. 

Stdckle’s expenaiants, which appear to have been carried 
oat with great care, are veiy difficult to explain. It it easy 
to fee, of course, Uiat the presence of a gas might progres- 
sivelj lower the surface tension of a mercury surface, due to 
the time taken for the adsorbed gas film to reach equi- 
librittin, but it is very difficult to imagine why different 
gases should reduce the value to that given in vaeuo. It 
would have been expected tlmt the iniUal (rapidly taken) 
value obtained in a gas would have approached tliat 
obtained in a vacuum, after which the surface tendon would 
have diminished to some final equilibrium value. Never- 
dteless, it is extremdiy probable that the phenomena 
observed by Stoekle are gennine, as his results have be^n, in 
general, confirmed by Popes^ and finrdon & Oliphant. 
They have been, however, chiefly noticed by worker# who 
have used the **drop measuiement ” method. Harkins, 
Hognass, Uenuc, and Burdon Oliphant have found only 
small differences in the surface temion of mercury in air, 
and frt vaoio when measured by the drop-weight method. 
This may l>e due to some extent”to the relatively l<mg time 
taken for the drops to form. An interesting explanation of 
8 t5ckie*s results was first put forward by Bancroft (* Applied 
Colloid Chemistry,* 1921, p. 134) . If we consider mercury 
to be a partially polymerised liquid, then tlie molecular 
mo*lifieatton which has the lowest surface tension will ^d 
to be p(»itively adsorbed at the surface, and equilibrium 
will l*e reached when a certain relation exists between the 
concentration of this modification in the surface layer and 
in the bulk of the liquid. The attainment of tiiis equilibrium 
may take a definite time, and Bancroft suggests tltat It 
may be ini*tantaneous when a mercury surface is fonned 
in mem, bnt relatively slow in the pr^enee of gases. 
I^ale, as previously stated, considers this lowering to he 
due to ^rt or alkaline material derived from the glass wltich 
is much more rapid in vaeuo. He also considers the {Kissi- 
bility of moisture being the cause. 

Witfi regard to the results obtained in the present work, 
the following points call for special comment. It will be 
seen tliat distinctly higher results are obtained with glass 
tubes than with silica. This was found with both seta of 
glass tubes used, and the results obtained with th^ agi^ 
to less than 0*5 per cent. IMs value, nevertheless, is dis¬ 
tinctly higher than tl^t found by most workers on tiiis 
subject. Sanerwald and Drath failed to detect any appre- 
■ciable difference between glass and silica tabes, but tin 



$22 Mr. L. L. Bircumshaw on the 

highest value. 480 dynes/cm., obtained was with glass. A 
father i^teSsting ^>int is that with glass the same result 
is obtained whether the end (tip] of the tube is 
roughened. In the case of the first glass “PJf t 

in surface tension noticed in holding the bubble on the end 

ot L n.rro. tub. 

.p|»r.lu. this was E.oiid to b« al"'"* 

oSiv .bviausasplanatioii for tb.s. drajroMS u that ‘toy 

S™ to MMS oi alkali... matorW (.r iirt) l.ft 

in snite of the cleaning treatnaent . In view of the fa 

that they were only opined with the 

cause is more likely to l» the specific natur 
but this also muy actually be due to 

first glass tube was of pre-war German materii^l, but the 

second was English soft alkali glass. When 

were blown with nitrogen, a result was jJ 

nraeticaUv identical with that recorded with hydrogen. An 

dcsoreases^on bolding the bubble on the end ot the tube were 

olierved. When tfrlion dioxide was used the same normal 

result was obtained, but small 

the babble was held on the end of the tote. 

hydrogen a slightly higher value was obtomed. Ihis may 

b^i due to the fact that in this case the bubble d^ not for^ 

on the extreme circnmference of the tube. It s 

considered po-ssible that, in the presence of so much moisture, 

the bubble actnally formetl on the inner ."j 

the tote, Uie surface tension measured being the loterfyial 

tensioirof mercurv-water. Calculated on ihe inner radius, 

the figure 314 dynes/cm. was obtaiuetl. but 

tensi<m mercun-wuler. as determined by Harkins, i# 

375 dynes/cm., so that the above explanation appears to te 

tlw apparatus made of silica the normal value 
obteioed was, as previously stated, lower than that given by 
the Ss mm^ratL. It is' significant that with silice pnict.- 
cally no diLreases were observed on hanging the bubble on 

» the *ppamtas.tbe tote* were allowed to ^ 

4p.n»"» web-l witt'^ 

^ wUh HMtoiie The totes were then inserted throofh «be 

P* tetter wwteHled 

Inw^oarts of the tote were warfied with coiMlenred eceteB^ 

Ifwat-r 'ITie tabes were then eorrconiled bv a drj'pyre* lute, 

dry jnw paewsd throi^rb first the inner and then the outer tube for e» 
lenst two hottiOw 
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the end o£ the tube for a time as long as thirty tninutes. 
This was found to b«« the case with all the gases used. 
Another interesting observation is ihut concordant normal 
values conld not lie obtained until the end of the tube had 
been rougbeneil. This was established by a large number 
of experiments. Etching the tube with dilute hydrofluoric 
acid bad little influence on the high readings obtained with 
tile po ished tubes, and observations of the surface under the 
microscope after etching showed that it was still veiy line 
grained. 

Carious results were obtained when oxygen was u^ for 
blowing the bubbles. With tbe glass apparatus sometimes 
(Mirrect readings were obtained immediately after placing 
the tubes in the mercury, but alter a short time these 
tidings were much too high. Moreover, the correct 
readings could not always be obtained tn the ^rly shiges. 
With a silica apparatus this nheiiomeiion was not observed. 
It was thought at first tliat these high values might be due 
to an oxide film produced on the surface of the tip of the 
tube which would cmnse tbe bubble to be formed nearer tbe 
inner eircumferenoe. or, of conrse, the high readings might 
have been dne to real alteration in the surface tension of the 
mercury. In view of tbe fact that tliese observations were 
not repeated with a silica tube, however, this explanation 
appears itnproliahie. 

It apjwars from these experiments that values are obtained 
by the maximnni bubble-pressure method for the surface 
tension of mercury which vary w ithin ."imall limits with the 
nature of the tube nuitertal. In tbe case of a silica tube tbe 
result-* also vary considerably with the physical condition of 
the end of the tube on which tlie bubble is formed. The 
use of diflerent gases for blowing the babbles does not 
appear to affect the results obtained. 

The actual mechanism involved in the explanation put 
forwar*! by Bancroft to expliin Stdckle's results is, of course, 
very oliscure. By making certain ussuuiptioiis, however, it 
is possilde to obtain a relation lietween tbe time reijuired to 
reach eqnilibrinm and the ilensitv of the gas. 

The energy iuterebanjsjt^ the litjuiil anu the gas 

can only take place liiiringa coUisioit between gas anil liquid 
tiiolecules^ so that if 

isxthe average loss (or gain) of kinetic energy of a gas 
molecule during a cotHsion with a mercury molecule, 

and N = numl>6v of collisions per second per sq* cm* of 
surface, then the rate of coininunicution of energy between 
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the iras aud the liqoid is eqne\ to iN. If k is 

be equal 1/nth of t-**® average kinetic energy of a ^ 

t"'iSo''’AS"bri“m « th.' M‘taw. Therefore 

•)nt, 


or 


£ 


n\2 


me* 


where E i. th. energy m 

transferred to, or from, Ae liquid in ^e final 

theaurface tension to change from ‘“Xre^Jnd wiSi 
value, aud these two tensions presumably 
the dynamic and static surface tensions. E will there 
be a constant and we have, 

E „ re, A 


T = 


1 / 1 




0t 


Tot 




Remembering that for any number of gases at the same 
temperature and pressure 

ntr* s= a constant e 
and r s= cm"*, 

it is seen that T« m*} i 

the tin., taken ta r«,eh egoiliWotn will be pr.p.rt.on.1 
to the square root of the density of the gas. „,„ii:Kriara 

StSekle found that the time required ^ ^^ 

w„ rench longer in “t'tT enr^ 

tile drop, are ^ven in the following table. 

ta.rer ^'SiTV 

o,. 

hsecs....... 625 

10 secs.. 606 

20 anas. .... ■*38 

Pop.«»-. onrve. .ho- . rnoid W'."*‘tr’tS 
the fir^wenty minutes, but from this time to 

.bJ‘,.^~7«r^^»ti«ed. bnt, if nov tk. PWfS; 

bSiStata tbo tin» tor tire .nrf«» t«.«on to fall to th. 

• Ignorii^ varisbons in tlie value of a for different geees. 



H,. 

CO,. 

SO,. 

SH, 

340 

010 

510 

477 

476 

524 

477 

500 

4S8 

460 

447 

445 

455 

— 

448 
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vaCQTtin value and tiie deosity o£ the g&s in which tiie 
mercury surface is produced do not appear to be in agree¬ 
ment with Popesco’s results. 

The remarkable phenomena observed by Stoekle and by 
Popesco cannot be considered to have been explained satis¬ 
factorily. The m<Mt interesting feature is that they appear 
io be peculiar to the “drop measurement method.’' It is 
possible that electrical effects, and the effect of gases on the 
rapidity with which mercury vapour attains equilibrium 
with the liquid * may ultimately be shown to be important. 


Summary. 

The surface tension of mercniy has been determined by 
the me^od of maximum Imbbie pressure. Investigations 
wore made regarding the influence the material of the 
tube used, tibe physical condition of the surface of the end 
of the tube from which the bubble is blown, and the nature 
of ^e g&s used for blowing the bubbles. The effect of 
hanging the bubble on the end ef the tube for various 
lengths of time and the rime taken te blow tbe bnUbl^ has 
also been examineti. 

Glass tubes appear to ^ve slightly higher results than 
tultw made of silica, and in tbe case of ^e latter it was 
found that roughening tbe ends (rips) of the tubes was 
essential before mneordant resulte could be obtained. Tliis 
did not appear to he necessary with glass tabes. The nature 
of the gas used for blowing tne bobbin, with tbe exception 
of oxygen, has practically no influence on the values found, 
iiesalts could not be obtained with oxygen when glai» tubes 
were used, but with silica tubes concordant valn^ were 
found. With one set of glass tabes used, hanging the 
bubble on tbe end of the tube for various lengths of time 
always resulted in a lowering of tbe figure found, and tiiis 
lowering increased with tbe length of the time. With 
another glass apparatus this effect was practically absent. 

The phenomena described by Stoekle and Popesco is 
discussed,with special reference to the p<»sible polymerization 
and surface orientation in liquid mercury. 

The author would like to thank Dr. W.R<MMnhain,F.R.S., 
for bis continued interest in this work ; Mr. 6. D. Preston,. 
B.A., and Mr. J. H. Awbery, B.A., B.Sc., for a number 
suggestions; and Mr. J. Trotter for assistance in the experi¬ 
mental pari of the work. 

« Bideal, 'Saiffwe ChwnUtiy,' eh^.S, p. ffO. 
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LI* 0*% tils Radmimm Smutted fty P^int 

IHsvharpt^s. By JofiN Tbomsok> 
worth Research Student in the UnimrsUy Qlasyow ** 

IfUroduHory^ 

I N r€« 5 eiifc |m]prs f it has been shown that lonktng electro- 
magnetic radiations similar to thos« diseoirered by 
Wiedemann are emitted by the gaa in the vicinity of metal tic 
points charged to u high potential. That such radiations {or 
radiations of slightly longer wave-length) may of first 
im|H>rtai]ce in determining the tneehaniam of the spark 
discliarge ha?< tieen suggested by J. Taylor Land the present 
writer § h;is tlescribed results which apjiear to ^npport his 
theory. The experisnents described in the present com- 
niunication were undertaken with a view to obtaining 
further #»videnee regarding the nature of these radiaitcms 
and their relation to the discharge. The experiments are 
a preliininary nature, since, as far as the n ritcr is aw*are, 
no attempt has so far been made to iiivesHgate any part of 
this rt'gion of the spectrum at pressures coinpiirable %vith 
atmospheric. The results obtained, however, fully justify 
further study of the phenomenii exhibited. 

Experimental Arrannementi. 

The fina! form ot the apparatus used iu the inveitigation 
is represented diagraininatically in fig. 1* 

The tube containing the points E and F lietween which the 
discharge was to pass %Mts cnditidrieaf in form, the pjatiiuim 
electrodes being placed along"tlie axis of the cylinder. The 
detecting and measuring apparattii? was contaiti€*il in a side* 
tube |)lace<l opposite one oi the phitiniim points F , while 
the other two siile-tubes were fitted with stojik-cocks K, H. 
One tube was branched between the stop-cock K and the 
discharge-tube. 

The detecting apparatus eoii^isted essentially of a photo- 
eltKitric cell, the iiisiilatetl electrode of which was connected 
to a tilted electroscope or to a Dolei^lek electrometer. 
C and D were two half-cylinders of brass of lengtJh 20mm., 

♦ Counnaaicated by Pmf, E. TaUt»r l>.Se. 

t C. E. Wyan-WiliiaTns, riiil. Mag. voL i, p.sii {WM) t L TbomiMU, 

op. rif. vol. V. p. 518 (191>B), 

I J. Tavlor, * l>5«»ertatiuo/ Utrecht (!9i^); iW. Fmc* Boy. Soc, A, vol. 
exvn.p.508 (1928b 
§ J. Thomaoo, cit 
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sealed to the walU of the tube so that their faces formed the 
sides of a slot of width 4 ititti. A potential difference of 
560 volts was maintained between f5 and D during the 
course of the experiments. This strong electric held 
{Kssl400 volts/cm.) was necessary in order to remove any 
ions which might drift or lie projected down the slot towards 
the photo-electric cell. Theoreti<’ally the electric field was 
sufficiently strong to remove a simple positive molecnlar 
nitrogen ion projected into the slot with a speed of 
3.10''^ cm./see. ICxperiment showed that at pressures of 
5 cm. of mercury and upwards no ions of any kind {lenetrated 
to the cell. 


thr-1- 



B was a circular piece of fine-mesh phosphor-bionze wire 
gause placed across the tube and insulated from C and D by 
two half-cytind>ical plates of ebonite This gauxe formed 
one ciectro<le of the cell. Pressed against it was the brass 
cylinder L which contained the other insulated electrode A. 
Ihis electrode consisted of a small rectangular copper plate 
covered on the snie facing the slot with a thin film of copper 
oxide. The latter, though less se isitive to ultra-violet light 
than other substance*, suffers less from “ photo-electric 
fatigue,” and consequently could be relied upon to give 
results which would be comparable over a long peri<»d. 
This plate was placed at a distance of about 2 ram. from f^e 
ganae and soldered to a thin copper wire w'hicli was 
imbedded in pure paraffin wax and led down the axis of the 




528 Mr. J. Thomson on the Ultra~l Met 

cvliuder L to the electroscope or electroineter. The latter 

was placed at a distance of about 2 metres from the tube 

itself It will be observed, therefore, that the jnsntated 

electrode and tlie lead (surrounded by earthed 

it to the measuring instrument were well shielded from 

effects due to induction. This was tes^l 

before any measurements were made. The 

was tesleii, and proved to he of high quality, the 

side-tube containing tliis apparatus was completely sealed 

at M with a mixture of beeswax amj resin. 

The detecting cell therefore consisted of the gauze B, the 
cylinder L, and the insulated plate A, while the slot Iwtwecn 
(Jand D limited the radiation affecting it to a small pencil 
from the immediate vicinity of the point E. The connwions 
to C, D, and B were made by platinum wires sealed into the 

^*Tbe°^or side-tubes provided a mwns of wntrolhng 
the nature and pressure of the gas in the discharge-tube. 
One tube was Lnnected through a capillary to a gas 
container while the other was connected to an oil-pump. 
The branch in the latter tube was sealed to a vertM»l tuW^ 

be^ roiured almost directly at any time. Since pressure 
measurements did not require to be ve^ 

1 gauge was sufficient for the purpose. All the connexions 
wfre fealed with the beeswax mixture which was found 
to be very satisfactory for work at pressures greater than 

^ ^Tpoteiitials roiative to the earth of half-cylinders 
C and a and of the gauze B and the cylindw L, dei^nded 
rniX funicular nature and purpose of ^h exj^riment. 
When ^servations were being made with the tilted 
Lpe to measure the photo-dectnc or ioni«t.on current, the 
halKylinder 0, the gauze B, and the cylinder L were all 
»r 2rth potential, while the plate ^ \as cWed to 
-4-12 volts. In the later experiments m which the DoTezale 
electrometer was cmploved.C, B, and L were maintained at 
+ 250 volts, while the plate A was initially at earth mtential. 
^Tba current across the discharge-twW was suppltail >y a 
large induction coil (10-incli spark) u^ in conjunction with 
^tor mercury jet interrnpter. Such an arrangement, 
^I-W p.t.na.1 diSem.^ 

r iSSiS SSmref gives a remarkably steady mean 
oorrent through Ae secondary of the coil, this current ww 
by*a Gaiffe milliampercmefer, and could be 
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controlled to 0*1 intlliatnpere. In order to eliminate as fai. 
as poraible any inverse current throng the csoil, the battery 
S.M.F. in the primary circoit was kept as small as possible. 
Experiment indicated that the current at “make*^ wa» 
nej^ligible. 

Four gases were employed in the experiments to be 
descaribed>>-oxygen,carbon dioxide,nitrogen, and hydrogen,-— 
and oC these, only the two latter were used in quantitative 
investigations. The hydrogen and oxygen were prepared by 
electrolysis ; the nitrogen was prepared by the action of 
ammonium chloride on potassium nitrite in concentrated 
solution, and was purified by passing it through concentrated 
sulphuric acid and over red-hot copper filings ; the carbon 
dioxide was prepared by the action of dilute hydrochloric acid 
on marble chips. No attempt was made to dry any of these 
gmas. 

The instruments used to measure the ionization and photo¬ 
electric currents have already been mentioned. The tilted 
electroscope, being easy to adjust, was used in the prelim¬ 
inary invcsti^tions, but all the quantitative experiments 
u'ere performed with the Ihilezalek electiometer. IHio 
suspension used in the latter was a fine quartz fibre which 
was thoroughly platinized by placing it near the platinum- 
wire cathode in a low-pressure discharge. The conductivity 
of the suspension was thus permanently ensured, and it was 
verified that the sensitivity of tiie instrument remain^ 
constiint^ During the work to be d^cribed, the deflexion of 
the needle doe to one volt potential difference between the 
quadrants corresponded to 960 mm. on the si^le, which was 
3 m. from the instmment. 

lonhatioa and Pheto-PUetrie Currents in I^rre^ 
Gases M Almospkerie Pressure, 

(1) O^syyen, —No r^Mults were obtained in oxygen on 
account of a peculiar phenomenon exhibited by the gas. 
As this phenomenon is one which might invalidate anv 
ionization experiments carried out in this gas, it may be weft 
at this point to describe it briefly. 

With the a{>paratus described in the previous section and 
the tilted e1ectr(»oope as the detector of ionization, the 
normal conductivity of the ^s at A was observed. Tliis was 
very small. Then a spark discharge at atmospheric pressure 
was i^sed across^ the gas between E and F, a current of 
1 milliampere flowing for about one minute. The diachar^ 
was then discontinued, and again the leakage of the electro¬ 
scope was observed. It found that the gas in tiio 
PUl. Mag. S. 7. VoU 6. No. 36. Sept. 1926. 2 H 
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^cmitT of tho insaloted electrode A had become condocti^, 
STrate of leakage of the electroscope being about one 
hnn^tinmslSlreat as before. 

allowed to stand, uie same gas was bmng left in tte ww, 
and^he rate of leak of the rfectaoseope was read at half- 
wtt^dJ The leakage fftadnally and consistency 
decreased, until, twenty-four hours after the pMsmg of the 
4iacbarge, the rate of leak was Cie same as that observed at 

^*T>^Sint of the STng^lo^o field in the slot between 
the if was impossible for e«y|»rged 

particles te penetrate from thedisc^ge 
P Hence it must be ctmclnded ttiat the 

StSJcIrite of the gas at A was caused by iouiaation wh^ 
te the TicinUy of A. This conclnsioB was venfi^ 
bv aroCier experiment performed in a specmlly ctmstructod 
tobe, where at^the ions directly prodnced by ^ discharge 
w^ Immediately removed by a strong e ectoc field. 
S^taneous ioniLcon of the gas contonu^ to take pkce 
fw some honts after the discharge had passed. 

It is suggested that this ionisation accompanies the 

nrSnS chffge of the 0, mole^le (and perhaps ol^ra) 
termed during the spark diwbarge to the normal 0, 
m3!^e uS immedStely obvious that no 
the ionisation produced by electromagnetic 
^performed « this gas i«tb ^ 

Si Carbm The iwiration and photo-el«mc 

SSJSTo^ .»J »o~q<i«Btly an, »b»r™«on. 

SSfiOTld littl. vJn.. 15 t». at «»I 

low nrtesure of 30 cm. of mercury tiie cunrente were stiU 
amalf and investigation of the effects in <»r^n dioxide was 

«f Sa'phSmmon jn.td.KriM »l ““"iT"*“O*?' 
W a toice of oxygen in the gas was sufficient to give an 

observable effect, fhe nitrogen wm 

MaTknnfidil until all trace of the effect lui4 ^ Ifbo 

experiment was made for the ^^^”***fh« 

teble ©r ionisation and photo-eleetnc ** 

^nitiea oTthe anode and catliode m ibe di»l»r|t^1te. 

thia (aW. might ht manparabU iritb tkat 

given in a fomtet paper* 

» 1.1!lMNBS«i,lse.ea; 
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Tbe tube wm therefore filled witii nitrogen at alanbeidiwic 

S renwe, all other guoi having been exclnded. Tlw 
ireetion of the onrrent in the primary of the coil was 
arruiged 00 that E was the anode of the discharge mid 
readings were taken of the rate of leakage of fibe 
electroscope when the leaf, and therefore A, were charged 
to 4-12 and —12 T<dt8 relative to the ear^. One sauli- 
ampere was flowing from E to F. Then the direction of tiie 
current in the coil was changed, £ becoming the catiiode. 
The same readings were taken of tiie rate of discharge of A 
when charged to +12 and —12 volts. A great nmny 
difficulties were met with, one of the most important being 
the rise in temperature of the gas due to tM discharge. 
Finally, the procedure adopted was to allow 15 minutes to 
pass between each reading of the ionieation current, and 
to flood the discharge-tube with new gM bdEore ea<di 
reading. This allowed tiie tube to cool to room iempmratiire 
between each discharge, and also eliminated any errors due to 
change in the chemical nature of the gas during the passage 
of the spark. The results, which have been verified witii 
many samples of gas, are shown below : the figures in the last 
column are accurate to about 5 per cent. 

Bat* ordttdiam 
of A. 

4 
5 
9 
9 

Comparing these results with thi»e obtained under 
different conditions and described in the aho^mentienod 
paper, it must be <mncloded that the radiations in the two 
cues are of the same nature and have the wne origin. 
Briefly, the differences between the two tables are mcactly 
such as might have been anticipated from tiie difimmieu in 
the conditions. In the experiment just described a onrrent 
of one milliampere was flowing in the discharge; in the 
former experiment the current was of the order of'one 
microampere. The larger current might be expected (a) to 
intensify the radiations, (5) to partially level out dm 
electric field in the ga^ and so cause the intensity of the 
radiations from the vicinity of the oatiiode to increase. 
The first experiment was performed in air, the second in 
pure nitrogen. ISiis apprars to have caused little change in 
the total effect; and since these radiations are molecular or 
atomic properties, tins is just what might be expected. 

2112 


in 

4'lt 

-12 

-12 


iLiiodb. 

CkllKMiffh 

Amdm. 

OitlHMkl* 
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(4) Bydraffen,—Far 0 hydrogon, like nitrogen, is free from 
&e spontaneous ionisation effect observed in oxygen. The 
experiments performed in nitrogen, which have just been 
described, were repeated in hydrogen, and the table shown 
below indicates the results. The currents in hydrogen were 
larger than those in nitrogen, and the figures in the last 
column can be compared directly with the corresponding 
figures for nitrogen. 


af A 
in 

HaturtolE. 

%mUi of 

of A. 


jLfiodfii. 

4 



S 

-12 

Atwdn. 

0 


Ck^iode, 

10 


Variation of lomzation and Phoio-EUtdric Currentt mth 
Pressure in D^erent Gases. 

The next series of experiments was designed to show how 
the effects of the radiations from ^h gas varied with the 
pressure of the gas. The experimental arrangements which 
have already been described were used, the Dolezalek electro¬ 
meter being adopted as the current-measuring instrument. 
Headings were taken of the ionisation and plmto-electric 
currents at A, the in8alata*d electrode, at different pressures, 
when one milliampere was flowing across the gas between E 
and F. Two sets of readings were taken; (i.) when the ganxe 
B and cylinder L were at —250 volts relative to A; (ii.) when 
Hie gauze B and cylinder L were at +250 volts relative 
to A. In all tases E was made the cathode, as it was found 
that the currente from the anode were unsteady. 

In case (i.) the currents measured by the electiroroeter 
represented the ionization currents at A. No photo-eleemc 
efi^t took place o^v ing to the large negative potential of B ; 
any photo-electrons emitted hy B travelled to D under th® 
acHpn of the stronger electric field between B and D. Also 
sin^ the field between A and B was 1250 volto/cm., the 
current measured was the saturation current for the gas, 
and was directly proportional to the number of ions formed 

between A and B. , , , , . 

In (ii.) the currents measured by the electrometer 
reprtoented the sum of the photo-electric and ionization 
effects, each jgiving its saturation current. Therefore, by 
snbtinmting the readings taken under eonditions (i.) from 
the eorrespeo^g readings taken under conditions (ii.), it 
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was possible to obtain a measure of the pure photoelectric 
effeoto of the radiations. 

The prooedore while taking these observations was impor¬ 
tant, as on it depended the reliabilitj of the resnlts. It was 
as follows* 

(a) With the insnlated quadrant of the electrometer 
mirtbed, and all the electrical connexions to C, D, B, and L 
broken, the discharge-tube was exhausted. 

(b) The tube was flooded with the pore gas to the required 
pressure. 

(e) Tbo connexions to C, D, B, L were made and the 
discharge across BF was started, the current being adjusted 
to one inillianipere. 

{d} The pressure of the was observed. 

(e) ^e electrometer quadrant was insulated, and the 
ionisation current was reiM b^ noting the time ta^n by the 
image to move over 150 divisions on the scale. 

(f) The quadrant was earthed and the picture of the 
gas observe. The pressure at the time of rmuhng the 
ionisatioo currant was the mean of the ttvo obmrvations. 

(p) The discharge was stopped and the apparatus allowed 
to stand for 15 minutes. 

This procedure was repeated with every observation of the 
current and pre^ure. 

flydroym. —In fig. 2 below are given the carves obtained 
in hydrogen by the experiments jnst dewn'ibed. The 
ordinate represents in the case of curve (a) tbe ionisation 
current, in the case of curve (5) the ionisation current plus 
tbe photo-electric current. Curve (c) has l^^n obtiiined by 
subtracting the ordinate of (a) from the ordinate of (It), and 
therefore represents the photo-electric current alone. 

'JRie corresponding curves for nitrogen are 
shown in fig. 3. Again (a), (5), (c) refer to ionisation 
current, ionisation current plus photo-electric current, and 
pure photo-electric current respectively. The scales in 
figs, t and 3 are tbe same, so that the relative effects in tibe 
two gasm are shown directly. 

. Farwtion of Imisatum Current with Diseharge Current. 

The next experiments were performed to investigate how 
the ionisation current at A varied with the current fiowtng 
between El and F, the pressure being kept consbint. These 
observations were made in the same manner as those alr^dy 
described, vis. a new stunple of gas was used at each reading, 
and the fput was kept at room temperaturo by allowing. 
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k 15 uiinotM* panse after each observation. The resuitt 
are indicated by the curves shown below (fiig.4), where the 
abeoassa measures the current across EF innuiliamjperes,and 
the or£naie the ionisation current in arbitrarjj' nnit^ 

Oorvea (o) and (b) refer to nitrogen, (a) being taken at a 
pressnre of 25 cm. of mercnry and (5) at a pressure of 


Fig. 2. 



33 cm. Corves (c) and (if) refer to hydrogen, (e) was 
taken at 37 cm. and (d) at 48 cm. All these corves were 
obtained witib the j^ose system charged to —250 volts so 
that no piioto<«leotric effect could take place. 

Vanation of Peak Potential aero$$ EF mth Preeeure. 

The arrangement used for determining the p<»k potentid' 
across the dMciarg^nbe was a spark-gap placed in 
parallel with the disi^rge. The electrodes of the gap were 
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zinc zpfaenM of dianieter 2*5 cm., carefully cleaned mth fine 
emeiy-paper. discharge across EF was maintained 

at one miiliampere and the pressure of the gas was obseryed. 
Than the spark-gap was slowly closed until a spark just 
passed. The pre«mre of the gas was again obsery^ and the 
dis<^arge stopped. The parallel gap was measni^ to 
'005 cm. by means of a reading mioroscoM. The pressure 
of the gas was the mean of the two readings taken Tbe 
"esults for this series of observations in nitrogen and 


Kg. 8, 



hydrogen are shown below (fig. where the mdinate 
represents the pmdt potential acroai ^e gap in kilovolts, ai^ 
the alnteissa the pr«»are in cm. of mercury. 

Duetusion of Exporimmtal ItftuUs. 

The Totdang PotendeU* of Hudrogen .—^Tbe nltra-violet 
spark spectra of hydrogen are well known. Under difiermit 
conditions the gas emtts two line spectra, stretdting from 
1670 to 900 A.U., and two continuous spectra. ISiere 
is still considerable doubt as to the lowmt iemiaing {M^entud 
of the gas. Many observers record ionisation occurring at a 
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S >tential of 11 volte, but this value has been i^uestioned bj 
orton and Davies*, who suggest that it is due to the 
presence o£ mercury vapour in tlie apparatus. The most 
generally accepted lowest value is 16 volte, which is said te 
correspond to the formation of Hi'*' and Hi" from Hj; that 
is, to ionization plus dissociation. F. L. Moblerf, on the 
basis of his own ezperimeute, concludes that “ there is no 
evidence that hydrogen emits radiation which is cabbie of 
ionising the normal molecule,” and,, as he points out, sinee 
no hydrogen lines have been observed beyond 885A.U., 
this appears reasonable if the lowest ionizing potenttal is 
16 volte. All the experiments }>errormed in hydrogmi and 
described in the present paper, however, indicate a strong 
ionization of the gas by its own radiations. Nor was diis 
effect doe to water-vaponr content in the gas, for the same 
experiments were jMirformed with identical results in gas 
wliich had l»een carefully dried. The water-i»pour was only 
allowed to remain in the gas during the remainder of die 
experiments because it was found mat it caused no per~ 
oeptible alteration in any of Hie observations. Whedier the 
elmrved ionization was due to the ion, or even to the fij 
ion, cannot bo definitely stated. It seams improbably 
however, that at procures comparable with atmospheric 
such molecoles should exist in suificient numbers to account 
for the comparatively large currents which were measured. 
The conclusion suggested is that either hydrogen poaesses 
a lower ionizing potential than the accepted one (16 volte). 
Of the gas is cmpable of emitting radiations of shorter wave¬ 
length than those examined until the present. If the latter 
conclusion is correct, the radiations are molecular in origin, 

since the limit of Uie Lyman series, N which is 

the atomic radiation of greatest freqaency, corresponds 
to a potential of 13*5 volte. 

yariation of the Ionization Current mth the Dhcharge 
Current, the Pressure being Couftant. —^The ordinates of toe 
curves collected in fig. 4 measure the ionization currents 
at A. Bince the pressure remained constaid, and the 
currents measured were of saturation value, they may be 
taken to represent the intensities of the ionizing radiations. 
Therefore the carves show the variation of the intensity of 
the radiations with the current flowing between E and F. 
They indicate quite definitely that the intensity of these 

• Phil. Mag. vol xlri. p, 872 (Itm). 
t fttxs. Nat. Acad. Sci. xii. p. 494 (1926). 
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Therefore, if it i» •coined tWt ^e 

radiations does i»t that, since 

irt. Mm, iKi!»»’«i 

Whether this remains troe for J^iarge , j ^ 

currents still remains to '*® of the cnnres 

Ecant points J'®™ * theT^^^ and (c) 

slreadr>bW“eJ* Th® J^lf S «»“ 

are definitely greater tton t e e disdmrge currMit 

W). wkU. tt. ‘-0 

axis at different ^mts. TM differ^ ^ 
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C Is the ionisation^rwnt 

L and M are constants T TaWng the 

at least roost be a function of the prestnre, p. xm. k 

simplest assumption first, let 
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and tbarefore 

_ CiT «ii 

Bof- 

3* J pztp^ 


whera mi is the gradient o£ the line C=t^(p 3 ), and nij'u 
dw gratbent of the line C=uP(pt). But from the carves 


0 

of figs. 2 and 3, ^ may be determined, 
hydrogen ~=k 2*9, while ^-= 1-7 fe 


For tite imse (d 

for coiraspondiag 

Iherelore C is md; of the form G es|^(p). Ifte 
■K)^(jf) is no more tMiable, for 


preMnres 
«ipposition that Css(t' 
again 


ai,’ 


It is tiierefore evident that the trne form of the fhni^rm 


most he 

a s» *4(p)^iKph ..... (1) 

Then 


and 

»«, Ci+^(pt)' 

H 


in general 

m, C,’ 


The graphs of fig. 4 indimite that '^(pi)>'f'(PtU *nd are 
therefore in agreement with this hypc4hrois. It may at 
this point be remarked that it is proposed in later work to 
evalnate if{p} for many difierent valnro of p byobservatkma 
similar to those shown in fig. 4. In ^is waj it is hoped 
that the forms of bo^ fnncdions will be exhibited. Beasons 

will be given later which suggest that the form of 

should be interesting. 

It mnst be otnerved that the theory which has jast been 
given only applies lo a limited range of discharge current 
(0*4 to 1*5 miiliamperro). It is very improbable that &e 
inear relation between G and i will hold for small ennwts^ 


Me) 

i<p) 
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as C would then be zero when i as Possiblj the 

complete form of the C, t carve is as shown below in fig. 6. 

Variation of Ionization and Photo-electric Current* with 
Fretsure IHferewt Gases. —Figs. 2 and 3 repre^nt ^e 
variation with pressure of the currents at A in hydrogen 
and ni^^n respeotivelj. The premnres were varied from 
about 7fi cm. of mercury to about 30 cm., as this region was 
the most difficult to investigate (owing to the small values 
of &e currents) and at the same timt*. the most interesting. 


Fig. ti. 



The carves in nitrogen are entirely different from those 
in hydrogen, except perhaps in the case of the curves giving 
^e pare piibto>electric effects, which are at least similar 
in form. The currents in hydrogen (continually decrease 
with increase of pressure ; both” experimental curves in 
nitrogen exhibit a decided minimum at about fiO cm. of 
merenry. 

As the problem of interpreting and, if possible, explaining 
these results is exceedingly complicated, it may be well to 
state at the outset in the most general terms the viuriabies 
in the experiments.^ Broadly speaking, the variation with 
pressnre of any radiations detected at A might be due to 
Area Motors, which are as follows:— 
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(u) O^nge in the total absorption of the gas between 
£ and A. 

(ii.) Changes in the intensities of the mdiations at 
their source E. 

(iii.) Changes in the frequencies of the radiaiiona 
emitted at E. 

Of these factors (i.) is likely to be of the greatest and (iiL) 
of the least importance, while (ii.) and (iii.) may be grouped 
together as changes in the character of the radiations from £ 
Concerning the absorption of the gas between E and A 
it is necessap' to consider first how a monochromatic ultra¬ 
violet radiation of constant intensity at its source would 
vary in intensity at A as the pressure of the intervening gas- 
t.s change*!. It in well known that, for the Tlsible spectrum 
and also for the X-ray region, the intensity at A might be 
represented by the expr^sien Ixc'-r, where p denotra ttie 
OTessure of the gas, and » is a function of the frequency of 
the radiation. But for the r^ion with which them eximri- 
ments ^ con^rned, namely that region |»oduciag intense 
ionization of the gas, this expression has not been verified; 
while for certain analogous cases ixmcemed with the 
absorption of ultra-vio* ■ •* ’ * - 

that « is.ala 0 a function 
medium. 

Let it be a;»nmed, however, that the absorption of tbe 
radiation occurs according to the normal law. Let the 
of energy across a distance dor ef the total distant EA be 
proportionat to 

(i.) the intensity of the radiation at that point, I; 

(ii.) the density of the gas at that point, p. 

Also let the constant of proportioDality-(the absorption- 
coefficient) be a Junction of the wave-length of tiie iight,^ 
^X). 

Then dl 4(X}pIdr, 

I = 

wHere p=t kp. 

But the ionisation current C is pro{>ortional to the lo^ 
of energy, as the radiation passes tbrongh 2£mni. of thu 
gas near A. 

dl as—^(X)iplx*~^^)^d«. 

.-. C«K/»^)e-^P^^), ...... (g). 

where d is the distance EA. 


let iigbt by solntioas, it is known 
of the concentration of the absorbing 
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Ilieroforej if the mdiaiioii from the TiciDity of £ were 
numeehromaiii^ the current C wonld be a function of p 

of the form C ss having a maximum where p = ~. 

Needless to say, the radiations from A are not mono- 
dtromatic, and the simple theory given above might be 
expected to be inapplicable to the experimental results on 
this ground alone. If, for example, the gas is suppcned 
to emit a continuous sj^otrum, the absorption-coefficient 
in the above analysis will not take a mean valne for the 
spectrum. As the pressure is diminished, the relative 
intmisities iti; A of the different parts of the spectrum will 
vary, owing to the dependence of a upon X. If tiie law of 
varmtim) spectrum intensity at the source is F(k), 
tiien the intensify of the spectrum at A will be given by 

and if tiie spectrum is continuous between the limits X ss 
and XsftX, (analogous to mi X-my impulse spectrum'*^ 
where the intensify at X« is very small), the total effect at A 
in terms of ionixatimi currant is 


C = Kj^>F(X)4(X)e-^»^>rfX. . , . (3) 


Any attempts to evaluate 4^{X) and F(X) at this stage of 
tile investigation must necwsarily be purely hypothetical; 
hut if it is assnm^ tiiat the gas is a simple rasonator ^ 
resonating wave-lengtii X^,, then, where no damping eoeffl- 
ment is introduced. 


4KX) 


Ix»~x**)»* 


SImilarlj, if it is aasumed that the centihiipos spectrum is 
analogous to the X-ray spectrum,'hi^nning at 
XmmXff and dying away towards X s 2X«, 


and 


F(l)- 


C « K f XKX-X«)X* - jj, 

Ja, V(x*-V>* * ** 


• C. T. Ohtqr, Pliya.Rev. ii p. 401 <1018). 
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NeitW equation (3) nor (4) can be naed until more is 
known concerning the rambles inrolred, and nntil they can 
be mmbin^ with tiie rariaiions in intenaify due to changes 
in the emissire power of the gas, for botb are concerned 
wholly wi^ alMorption effects. 

Qoalitatively, however, the reduction of pressure might 
be expected by above theory to increase the carrent C. 
Certainly no minimum is to be expected in the curve, 
although a maximum is predicted by equation (3) at a 
pmsure probably much below those investigated in the 


Kg. 7. 



present exMiimenis. Bie hydrogen curve («) is not incon- 
si^nt with such a theory. The increase in the current 

with diminution of pressure is approximately according to 
the formula rr e 


C» A/Ww, .(2) 

a small but consisient inmrmse in the coefBment « bsoSw 
evident. Fig. 7, below, exhilnta tiie rariatien of W- 

P 

with pressure for the curve (a) (fig. 2). 
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So far the variables (ii.) and (iii.) in the ejqwrimeiits 
been neglected. The shape of curve (a) (Bg. 2) t®* ^ 
examined wholly fro.n the point of view of 
the gas, and it has been implicitly assumed that 
of wiations in the inbmsities of the radiations 
source were negligible compared with the absorption effects. 
r ,mw remains to Im) s^en whether this assumption is 

^"Theoreticallv the re«luctiou in procure might be expe<^d 
by increasing the mean free paths of the ions to inerMse the 
probability of excitation of the shorter wave radiations 
On the other hand, the decrease in the potential necessary to 
carry the discharge which aceompanie. 
pressure might cause a corresponding ^ f 

drops across the free paths of the ions. As the mean Cr^ 
path X is inversely proi»rtional to the P*^®**** ^^5 I 
potential,as shown from fig. 5, is approximately 
to the pressure, tlie product XX 

constant, on the as^mption that the field X J 

of E is proportional to the potential across EF. „ 3 ft 
the field at 1 is that due to the normal ^thode tall, and is 
independent of the pressure, the proWnli^; of 
accompanying the impact of ions must be inyerselj pro- 
^ZZ\ to The pressme. Again, if the f diations are due 
to the impact of ions on neutral molecules. 
must be considered. For a given ionic current 
of molecules in the gap EF and therefore the " 

radiation will be pro^rtional to the 
radiations are due both to ionic and molecular 
the expression for the intensity at the source will be the 

sum of two functions of the pressure. i *i * * 1 ,^ 

In the preceding investigation »t was found that the 

current at A was given by equation (1); 


Ca=i<f>{p)-^(jP), 


fll 


where ^ was negative. This indicates diat an important 

fraction of the radiation is dne to the impact of ions on nentral 
m/tleenles since no other hypothesis could explain 
«tl^ce of K the simplest possiWe intorprefo^on be 

Sv«n to ihe variation with pressure of intensity 1 % of 

the radiations at their sonrce 




Rt^iatioat emitted % Paint lJi$eharges. 54jt 
Then axsunung the theory leading to equation (2), 

and ^{p) “ kjie~"P, -^(p) =* 

Ho matter what fonctioiis of p are nsed in the e&pr^siott 
lor Ix, since C»it is quite reasonable to assume 
tliat the absorption term e’~^ will be the most important j 
this explains why the absorption effects oould ^ considered 
alone in the case of hydrogen. 

'J’o return to the alisorption of the radiations^ in the <mse 
of eurre (o) for nitrogen, the Aeory which has been 
sketched does not apply Tlie absorption of nitrogen muinot 
follow Ae simple lews which appeared to fit the case of 
hydrogen, or else the quality of the radiations from the 
discharge must varj' with the premure in a peenBar manner. 
It has certoinly been observ^ Aat the Tmble radiatimie 
from the discharge in hydn^en are entirely different from 
those in nitrogen. T&e grmter part of the spark in 
hydrogen is bine in colour, mtd itt colour doe* not edter a* 
the p»f»iure i$ diminisked. The spark in nitrogen at 
iitmospberic pressure emits raiiiatlons of all colours, and 
consequently appeal^ white, hut a» the preemre is redmeed 
the discharge Itecomes almost entirely red. This may nmnn 
a shift of Ae maximum intensity of the radiations towards 
Ae red end of the spectrum ; it may mean that the 
at^rption of the gas has changed in such a way as Acut off 
the Wue light. Neither explanation appears probable, but 
etAer is consistent wiA the curves (a) and {b) of fig. 3. 

That Ae maximum tntensi^ of Ae radiations should 
shift Awards Ae red end of tiie specAum as ilie pressure is 
diminished is contrary to Ae resulA obAined by L, Ham> 
bur^r*. who found A^for thevisible spectrum tiie maximum 
of the emitted light from nitrogen shifted Awards Ae ultra¬ 
violet as the pressure was diminished. Hisexperimento were, 
however, performed at a v**ry much lower pressure than Ame 
described in the present communication. It most also be 
observed Aat the curve (c) (fig. 3), whmb gives A« variation 
wiA pressure of the in Ansiiies of Ae ramations producing 
Ae photo-electric effecA at A, exhibits no roinimum. 
Although Ae curve is not by any means exponential. Aero 
is a strody iuormse in the mAnsiiy as the pressure is 
redmjed. This difference between the ionixation-canrent 

♦ K. Al»d. Anotudain, xx. IW. 7, p. 104B (1918). 

Phil. Mag. S. 7. Vol. fi. No. 36. Sspt, 1328. 2 N 
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, XU .Wirtfi carrent curve must be signin- 

carve and the *1,Anomalous variation in curve 

<„t II intoto' tlfy ‘Sou, .b«rp.i.n 

(c) is due to absorption, the di^ult to 

only the shorter discharge should alter as the 

to "'u“‘£?rnl it .ItM. -rfl »itb 

the for then the photo-ejectm 

to.tk« <««mg;h^^ tot to 

change. On the ’ fo^ nitrogen and hydrogen is 

difference between ^ xliflforent alisorption laws, bnt is 
not due to toe between the inodes of variation 

Summaty^ 

Prdimtor, KP*™*"!* >™ ‘'T . 

1 . -r£'sr“orSj iPtoSflr "f "f 

toe pressnre is kept constant and the discnarg 
current is varied. 

it -ifl!» • ”•“«' in...t.g.i.™ 

..««»«»* «•* »'*“«»"• 

tontoirf™i»tio», ptoo..™™. i" -’‘J*® » 

descrilid and an explanation is offered. 

* ..Innnti the writct again wishes to exprew* his 

A^\.*teProfcs»r Taylor Jones for his encOTragemeiit and 
thanks to f . ;„valnable. The wt»rk was 

advice, w ic |i,*^Bj^,.arch Lab«ra<ories of tlie Nataral 
Jaly IWff 
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LII. MalkUu Functions of i^abU Tups. 
By E. U Incb» M.A.y I).Se.* 

1. liUraduetian^ 

^I^HE ^eiieml solution of the Maihieti equation 
iPy 

^ 4 eOT2jf)jf«0, . . 


• ( 1 ) 


i* known from tbooretical conridorations to be of the form 

.... (2) 

law the Mriod w. The two main problems 

such ^t the eqi^on shall have a solntlon of 

SH"^f‘“lhe‘‘fiLf^ the determination of;* when 9 and Fnn 
giiren. Ihe firat problem baa b^n solved by the present 
table# of the functions of period w £id fw 

solution eaiste for every positive value of 1 ,, but as 0 IncrSUs, 
the probability tlmt a solution with r, chZon at ranS^bS 
h »{«M^h,Mnishes rapidly. This is shown very dearl^n 

S LLrL 7 Jri!?*S «J^»«der functions 

fiW, ... The regions heiwmii and 

b^, betw^n «. and ft*, and so on, for*d potiti>rLSthe 

is ^ 

SS tan M 

Several methods of determining the index /* have been 
• i^mmuiueated by the Author. 

geloSly ^r“v<!iu& bafl?hL'&7i •*¥*% *«“ *l«* f««» 

comptirttoB of^ ^ptic cylinder «tan«^ in Uie 

PP-’ilSbiW “■■ d* 

3N2 
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J • ^ . Aa Ifttast is that due to Whittaker *. essential 

.xpr«. , «d P in th. Inm. 

,s=F(<r), 

where F(<r) and Gi<r) 

Zz n^si^ tr:t 



;«.»iediatelv Tl«i» wetb®^ '» practical value, and has, 
^ i«B8e^teij. n. (i w Hill’s claswcal problein in the 

.v-ssrii'i-.“: 

be stable 

• ftoc. £dja. Math. See. xxxii. pp. 75-80 (1914). 
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2. Tke (xetteral Solution. 

The Mathieu equation ia satisfied bj a solution of the form 
.y s= Ssr <508 (2r+/>)»,.<3'' 

— flO 

provided that the ooeffieiente e, mtisfy the recurrence- 
relations 

(e—(2*‘-fp)*}e,=td(Sr-l4'Sr+l) . . . (4) 

for all integral valnes of r, and provided that these relations 
are oonsitient. There is evidently no loss of generality in 
assaming that 0<^p)<l, where J{(p) denotes the real 
part of p. When the solution is stable, p is raal. 

Bqnatibn (1) is unchanged if x is replaced by w-x. 
ConseqaentJy, when ihe solution (3) exists, there aiw exists 
the solution 


y ss X Sr eos (2r + pXw— •*5) 

= co8pirXerCos(2r+i!>).r + sinpwXe,siu(2r+p)j-, 

wliioh is disiiiict ffotn (3) «xc«pt w li^ti p is an iiit^gef or 
20r0. 

With tbesa axeapltons, therefore, there li? always associated 
with (3) the S 0 liit] 0 ii 


.y s= S sio (2r+p)jt .(5) 

Conversely {3) is associated with (5) except when p is an 
integer or xero. I^ese solutions are evidently distinct Mid 
xorm a fimdaiMntal pur. 1%us, setting aside the special 
^ses which arise when p is an integer or zero, equation (1) 
has a general solution of the form 

y * A X e,co8 (2r+p)jr4 B X e,siii (2r+p)jr, 

wMch is not essentially clifforout from (2). The number p 
M deteriiunod by the condiiloit that the reenrrence-relations 
be consistent. 

If the recniTence forinnia for r^n is the same as 
that for #t —1, and it is an easy matter * to prove tlmt 


eei^tted Irastion in two distioet way# as ia the 
<diaws mutj the rest follows 
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±«i- K then (5) becomes identically aero, 

and (3) may be written 

y ss'i C,C08 (2r+ l)jf, 

where <v“2«r. For r > 1, c, follows the same recor«JM«- 
relation as but for rssO the relation becomes 
(t;—d—l)ce* dcf 

The solation is thus a nmltiple of an elli]^ 

tion of the type d). If e-r-i“—^r» (3) becomes 

identically aero, and ^5) may be written 

tf as SVsin (2r4-l)*» 

e 

where c/*»2^ Tlie recurrence-relation for <v^ is the same 
as that for c, when r > 1, hot when ra*0 it beeomw 
(^+d*“l)<V dcj • 

Thus the solution is a multiple of an elliptic cylinder 
function of the type The case p=l virtually 

includes the case where p is any odd integer. ^ 

If p=0, the recurrence-relation for raan is the same as 
that for r=!—», and it is easily proved that e-,* ±er. « 
(5) bec»mes identically aero and (3) may be 

wriUen 

m 

^ sss ^#*11 *f 2 00^ 2w. 

For *• > 1, <v follows the same recurrence-relation as but 
&>r rsO the relation becomes 

fico s= 2dC|. 

The solnUon is thus a multiple of an elliptic cylinder function 
of type «!«(*, d). Similarly, if r,* , (3) disap¬ 

pears and (5) may be written 

y as 2cr'8in2f'4r. 

I 

Fur r > 1 Ae recurrence-relation is as before, Imt wiA 
The sidatioo is Ans a ronltiple of an ellij^c cylmdw 
function of type $e^( 3 e, d). The case p»0 virtinUly inoludw 
the case where p is an even integer. ^ 

It is clear that in the general case Scr^O, for if ^ 
contrary were true, Aen both (3) and its first denvafaye 
wonld vanish for x«0, which is impossible since the onnn 
is an ordinaiy point of equation (1). Thus, if necessary, Ae 
solotions (3) and (5) may be made definite by Ae assumptioii 
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3. 'the Conditiotu for Comittenee. 

The recurr«oo 0 -relation (4) may be written in the form 

_j. _ 0 
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''r-I 


V—{2r+p)*-.0 


*r+l 


-tf( 2 r+p)-« 


l~^{2r+p)-*+^(2r-i-p)-*^+‘/ 

0r 

and may oonwquently be eapresaed as an infinite continued 
fraction depending upon p, 0, and if. It will be nsefnl to 
have a compact notatien for an infinite continued fraction 
wboee succewive partial quotients are determined by a 

ikfititte law ;m ^ 

represent the continued fraction * 

A. .^4 -a 

/3, + i8.+i +f-.... 

Uonsequenlly 

-0(^H 

1-1^ a\*** 




l~qt2ri-p) 

0,2»i-p)~*^ p—2)~* 

e l--qt 2 r-(- 2 «q.p)-*“ • 


-qt2r-(-2«q.p)- 

e i 

Bui tlif recarrcnce-relatitm may also lie written as 

^r-l 0 


■ (6) 


n-(2r+p~2)*^e 


*r-* 


rr-1 
tf(2r+p-2)-* 


l-i 7 ( 2 r+p- 2 )-* + tf( 2 r+p~ 2 )-* 


—I 


aihi i*OI)!«4‘qUOtltIv 

= -^2«+p-.2)-»^~^"*“2»’+P)"?r«-:2r+p+2>~* 

1 l~i»( 2 »- 2 r+p)**' 

... (7) 

Note tiiat iIh* }«fidii^' numeiattw i* mufy. Note idm tbat 
*^mk 

if both 






JDr. £. L. Ince on the 
The last eqoation may lie tnunsforiueti by the relation 
V ^ ( 2n-hp^2)^ ^ 

into 

_ iy-(2»-fp—2)^ 

6 

' a 1—i7(J}n—2rT/)> * 

• » . ( ti) 

When 0, 17 , «, end ^ ere finit«% 

In each continued fraction, therafore each continued fraction 
converges; moreover, as « increases, each tends to the limit 
nnity *, 

The condition for the consistence of the recurrence- 
relations is that ( 6 ) and ( 8 ) should give equal values to 
In particular, when «= I, let 

I_ ej_ _J *-t^{ 2 *-+p+^)-*< 2 r+p)-* 

s# Cpd"^)* o I —i7(2r+ p+2^“* * 

e, 0 (?-2)*T 

Ihen the condition of consistence is LsR. 

In order to apply this condition In any particular case 
hvhen 0 and i? are given, tentative values of p are inserted in 
the continoed fractions, and L and R are oaloniated. The 
result indicates bow p is to be adjusted to seenra numerical 
equality between L and K. When this end 1 ms b^n 
attoined, not only has the value of p lieen obtained to tim 
desired degree of precision, but material has lieen acenmnlated 
froiu which the ratios of consecutive coefficients in the ex¬ 
pansion of the solution may easily be deduced. How the 
metiiod Is carried out in practice will be shown in the 
following section. 


4 , Nwneriml EmmpU, 

Whmi the nse of the Matblen functions becomes more 

f eneral tiam it is in die present day, it will be necessary to 
ave at hand tablM showing the valne of p for outstanding 
valnes of 0 and 9 . These tables would indicate a snitable 
initial vdhie of p, for any aasigiied value-pair (0, if), on 

* PerroB, ‘ IHe t.tiiie von den Kettrabriicben,' f B8. 
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which the acoorate calcolaiton of p would be based. As 
things are at present, every value of p must be 
ah initio. 

As an example of die method, consider the data 
^*2, 17 * 3 . 

Fig. 1 shows that this value-pair lies in a region of stability. 
For any assumed value of p, Lt is calculated according to the 
following scheme: 

B 0 0 

(p+4)» tP+6)» (7+^ .» 

B _£ B B 0 0 

7+^ (p+^>+41* (p+4)**7i.^ (p+«)*>Tt^ '’ 


1—_J?-. 

<p-f 2 )* 

yi 

^1 

whwe 


(p-r 4 J» 

7 t 


7?^ 

7s 


7 

(p + «f .* 

#*4 . 

*4 ****.*f 

4* , 


__ 0* 

(p + irf{pV2r^2f ' 


_9 _ 

^ (pT^ 

mnd fitiuUy 

The number of significant figures retjuired diminishes as 
we scheme proceeds to the right. The scheme stops at the 
nth ^luiiin it <y, does not afl'ect the last figure in tliat column, 
similarly E is calculated ae<mrding to the sittitlar sobenm : 



0 

0 

0 


1 

%wr 

m' 

(p-ti)* 

(p-^*. 

B 

B 0 

0 0 

0 0 

•—{p 

-2)»*7-r4y 



V 

■(p~2)* 

1— ?-.« 
(p~4)* 

1-9_„ 

<p-6)* 

1- 

ip-tSf'"- 

7-1 

7-t 

7-.S 

Y-»4 •••• 

4-1 


4-^t 

^.*.4 • • • •, 
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where 
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y-r 


_ e* 

(p—2r)*(fi —2r -i)* ' 


end finsllr 

ft 


1 __? 

9 . 


The method of procedure is ns before. 

As there was no indication as to the correct wine of p. 
the following table was constructed: ^ 


0 - It B. 

OHO 2«II0 - 5.4011 

^ 11142 4-51212 

O'OO 0M30 4-0*3065 

»t5 0-4t90 -0-2077 

i-00 0-3438 -0-25M 

I'SS 0-2703 -0-1227 

1-50 0-2107 -MmS? 

0^*830 +0-41M 

0-1533 -i-0-»«S7 


The variation of L and ft is ilfostrated in fig. 2. 


Fig, 2 
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Thau ill the ranine considered there ere two adtnhNnible 
values of /», whose sum is 2. The higher valae is chosen to 
work with because the curves are jSatter, and therefore 
interpolation is easier in its neighbourhood th en in the 
neighbonrixKKl of tlie other value. 

Bj linear interpolation between p=l*50 and pssl'TS the 
value pal'5766 is obtained. This gives 

p=s 1*5766, L=0*2072688, R»0’^a4813. 

A second linear interpolation between p«>l‘50 and this 
value gives p= 1*5794, lading to 

p= 1*5794, L=0*2068352, R«0*2067923. 

Bence, if A denotes difference in the seventh decimal-place 
Ap*2800O, AL=-4336, AR=+33110. 

Thus a more correct value of p is 

-1-579432. 

It has been remarked that the scheme of working gives 
not only the value of p to any desired degree of precision, 
but nisa the in to# 6xpatisioii of the wiutioiu 

For this mBsoo the figores io the scheme with the new iroloe 
pss 1^579432 wU! be given in full. The scheme for L rwdt 
m follows: 


■76ii8ai}4^ 

iimsii 

05^1558 

DJOO^ 

mm 

■08481422 

•«J2a3e7« 

•9177787 

7847 

•021^7 

-0007^ 

•967308 

m 

•01^ 

•000^ 

•sm 


■7H7‘239il -MOMHO -rnnh 

“ i:.-0-30K3049. 

The scheme for R is t 

-9776 


nmsa4a4 

-16*9608965] 

8-646S9W6 

‘341346474 

385869481 

■487980^ 

41534893 

■102348702 

•(»4985685 

-84647995 

536341 

-04851578 

■00496543 

■9-272263 

14298 

-02820^ 

■ooisras 

■95768 

53 

-0184 

•60Q58 

-972 

-94^88707 

‘446445»e 

-84111654 

■9257965 

*95716 

•9a 


e 

045982745 


R« 020588017 
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, J tt ««. to a* »>“*- f 

oE p i® 

P« 1*579432 + (L.-R)^j^f5E 
as 1*579432 +’00000032. 

as 1-57943227. 

•Rie complemenOi'fy »»loe “ 

p *0*42056773. 

5. of the Confident,. 

Th. >» ’“■' 

•ccKtoy. L.t..=l,tke» 

sat—0*206330; 

0 . 0 642466 -(VO? 12346, 

I*901268 
#1 (/>*i**» 

<,*+0014744; 

a *034814 ^ ».0-036763, 

,^-,_O*0lK)542; 

<, 0 > + 8 , 

+ 0 * 000012 . 

Stately ^ 

<,*+0*459527; 

^ -3418465 ,^^(1.7045873 

^ - ( 4 ::^-4464454 

<^,*—0*851349} 

e ^ *1^2347 


<-i 






+0*042752; 
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0 


■048516 


«f_4=-0*002240; 

g-s p .. 02821 

(10-7)* 

p_#a= +O'000066; 

?r?— ^ -A _ *018 4 

«*-t~“(l2-7)* -97^ 


-0 052404. 




-0*019, 




- 0000001 . 


The first solution of dio Mathieo i^nation, 
i*v 

+ (3—4 OM 24?)^«0, 
is tborefore to six-place accnncj: 


y * co9l-579432«-0*206830cos3*579432« 

-f 0014744 cos 5-579432x-0-000542csos 7*579432 * 
4-0*000012 co8 9*579432* 


4-0*459527co80*420568*-0*351349 cos 2*4^568* 
■H0*042752cos4*4205684—0-002240COS 6*420568* 


+0000066cos8*420568*-0'000001 cos 10*420568*. 


The second solution is obtaioed by merely writing sine for 
cosine througbont. 


6. Chunm of Sign of 0, 

Fig. 1 is symmetrical about the ^-axis, though it should 
be noted that in the negative half of the plane Ow+i ond 
53a4.t are Interclmnged. Cons^nently, if uta nomber-^r 
(0> v) stability, so also does the number-pair ( i?). 

The Matbieu equation is unaltered if 0 is replaced by —0 
and * by iw—*, so if 


• « 

y=:A 2e„cos(2i*+p}*-hB 2«r8in(2r-bp).c 

is the general solution of (1), then the general solution of 
^ + C<t*f2deos2«)ysss0 
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ia » » 

yssA 2#,cos(2r+/>Ki»'—•r) + B Sf-^sinC^r+pX^—a?) 

-«P -® 

SA] 2 (--)''i?,cos(2r+p)*+B| 2 ( - )*■#,Sfin (2r + fi)x, 

-06 

where 

AiasA cosipir+ B sin i<wr, Bi = A sin B cos ^pw. 

Thus in general the only change in the fiindainentol eolations 
is a change in sign of the roefficients of odd rank. As 
before, the only exeeptions arise when p is an integer or 
zero, in which cases A or B, and consequently A| or Bf, are 
zero. 


LIIl. 0« tAs Zeeman Ueiolidian of the Oxt/pen Spectral 
IJne at X5577 A., the Auroral Grem Line. Bp Prof. 
J. C. McLknkak, F,R.S., J. fl. McLson, J/.A.*, and 
lUOBABD BCBDT, PhJt.f 

{Hate VL] 

I N previous publications*’* it has Ijeen shown that the green 
spectral line of the aurora and of the light of the night 
sky originates in oxygen in the atomic form in the upper 
atmospliere. A prohlem still ontstanding is to determine 
inst what electronic transition represented in the spectral 
acbeuie for oxygen is responsible fur the production of this 
radiation at X5577Jt. A careful search for other spectral 
lines that might be associated with the green line has up to 
the pr*’sent failed to elucidate the problem. A powerful 
nwitbml of classifying spectral lines is found in tlie character 
of the resolution exfwrienced by the lines when the radiation 
giving rise to them is emitted by atoms in the presence of a 
magnetic tit'ld. 

In 1927 McLennan, McLeod, and McQuarrie*'* reported 
some visual observations on the Zeeman resolution of the 
oxygen green line in whiub it was seen that, viewed lougi« 
tadinally, the green line was resolved into a doublet, the 
amount of whose separation ap(>eared to be the same as that 
of the two outer components of a normal triplet. 

« J. H. lleLeod whhes to acknowledge hie iadebtediHW to the 
Reee^b Ooan^ of Csnsds for the grant of a FeUowafaip that eBsbled 
him to parddpate in this work, 
t Cnummucsted hy the Aathors. 
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The present paper deals with a more exact determination 
o£ the longitodiniii Zeemtui effect of the oxygen green line. 

The necessary' magnetic field was provided by a water- 
cooled solenoid shown diagramiiiatica] fly in fig, r. The coil 
was wound on a brass tube as shown, and consisted o£ tan 
layers of No. 16 B. & S. gauge enamelled single silk-covered 
copper wire. The layers were separated from each other 
bjf ebonite strips F each ^ inch in thickness by | inch in 
width, laid jiarailel to the axis of the coil and alwut 1 cm. 
from each other. These strips provided a series of open 
spaces rnnning ioogitadinaliy to the coil between each layer 
of wire. The ebonite end-pieces B were perforated with 
many small holes to provide openings at each end of die 
Sfumra between the biyers of the coil. When the coil was 
in operation tap water was forced through the spaces from 
one end of the coil to the other, so that every wii^ was 
bathed by flowing water. This method of cooling made it 
possible to {wss a current of ^ amperes through the wind¬ 
ings continuously, with a rise in temperature of the cooling 
water of only 9 or 10 degrees. 

The length of the solenoid was 35 cm. and dm total number 
of turns was 2390. The oilcakted field then for 30 amperes 
was 2620 gan^. Too much reliabiUty should not be plac^ 
on this calculated value of the field for it could Iw that some 
current might leak through small cracks in the insniating 
enamel and so reduce the value of the field. 

A comparison of tlie strength of the magnetic field at 
different points throughout the coil was made by means of a 
small search coil and a ballistic galvanometer. 'Fig 2 shows 
the graph obtained when deflexions of ^e galvanometer 
(proportional to the field strength) were plotkd against 
distarK»« through the solenoid. It is seen that for a distance 
M newly 25 cm. in the central |»ortion of the coil the field 
was within a few j»er cent, of being nnifomi. It was light 
emitted in the central fiortion of die solenoid that was used 
in the determination of the tnagaetio resolntion of the greui 
line. 

The green line radiation was produced in a tiilw containing 
a mixture of argon and oxygen. A current of about 30 in.a. 
from a 2000-volt D.O. motor-generator set was used to 
excite the tube. 

A second tube oontnining neon gas was nsed to measure 
the strength of the magnetic field both before and after an 
exposure with the tube containing oxygen and argon was 
made. The yellow neon line at X 5852A was ns«l as the 
standard. 
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Sereral conditions had to be fulfilled in the design of a 
suitable discharge>tabe. It had to be designed so that it 


Rg.L 



arCh«e»OM»et 

Twee 


could be placed in or removed from the magnetic solenoid 
at will. In addition it bad to be made so as to emit to die 
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resolving apparatus as much as possible o£ the light from 
that part of the tube which was in the uniEorm portion o£ 
the magnetic iSeUl and as little as possible from portions 
of the tube outside the 6eld. At tW same time no light 
was desired from the proximitv of the electrodes. Fig. 1 
shows the type of tube evolved to ful61 the conditions that 
have been enumerated above. By passing a heavy current 
between the magnesium electrodes shown it was possible to 
purify the gas to such a deOTee that the tube conld be 
permanently sealed off from the pump and argon supply. 
A pair of aluminium electrodes was used to carry the 
existing current. By making one of them in the form of a 
cylinder and hyplacing it eo-axially with the Iwre of the 
tube as shown at £ it was possible to slide the discharge* 
tube into the solenoid t«* the {losition shown in fig. 1. 
Moreover, the discharge could be observed longitudinally 
through the hollow el^trode. By having the window Wg 



Door S«4L^9. 0»4TA»sCt, ThMOM*k $Ol41l«OiO(ci«^ Door dOULNOtOu 


placed at the end of u rooentrant portion of the tube we were 
able to ensure that while light from the space in the tnbe 
in front of the window could pass out to the spectrograph, 
light Iroro the space nmr the electrode was prevented from 
doing so. The tnhe and the solenoid were placed In the 
relative p<^itions shown in fig. 1. A reference to fig. 2 
will show that for a distance of about 25 cm. along the 
discharge-tube in front of the window Wx the magnetic 
field was very nearly uniform. FarUier along ike discharge- 
tnW than 25 cm. the raoguetio field of coarse fell off in 
value, but that part of the tulm was so far from the spectro¬ 
graph that very little light from it could enter the spectoo- 
gmph. 

The resolving apparatus used consisted of a 45-piato 
eclieion grating * with a constant deviation spectrograph to 

• This instrument was mesented to the Pineal Laborstorr of the 
Uaivenity of Toronto hy HaMn. Ssaaoel and Benjamin of Lmidoa and 
Toronto. * 

Phil. Mag. 8.7. Yol. 6. No. 36. Sept. 19S8. 
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separate ont the varions spectral lines. The spectre^mifdi 
slit and the edges of the echelon-plates were pai^m and 
Tertical. The constants of the echelon as given. bjr\tlin 
Adam Hilger Co., the makers, were as follows :— 

Number of plates. 45 ; 

Thickness of each plate ...... 14'76 iniU?, 

Width of step.. . . I'O mm\ 

Befnictive indices: 


»a-A.). 
6562-733 
,5«35-930\ 
5889-963/ 
4861-327 
4307-908 


It- 

1-57185 

1-5759 

1-58581 

1-59417 


From these constants the value of AX max., the portion 
of tlie spectrnm included between consecutive orders of the 
same line, was calculated. The two values used were 
AX max. for X5577 A<s0-336 A and AX max. for X5852 
(Ne) *0-3761. 

The echelon was adjusted to give two orders of equal 
intensity for the line being photographed. This adjustment 
made it ppssible to get a measure of the displacement on 
the plate corresponding to AX max., with a much shorter 
oxposure of the plate than would have been the case if the 
maximum intensity had been thrown into one order. 

Three photographs of the Zeeman resolution of the oxygen 
green line were made. Before and after each of these 
exposures a photograph of the 2ieeman resolution of the 
jellow neon line at X 5852 A was taken in order to get a 
measure of the field strength. PI. VI. fig. 1 shows a sample 
-of a photograph of the Zeeman effect of the oxygen green 
line and PI. Vl. fig. 2 shows a similar one taken of the 
jellow neon line. 

The duration of the exposure for the Zeeman effect of the 
green line was from 45 to 60 minutes and for the neon line 
it was from 4 to 8 minutes. , 

Back has shown that the neon line X 5852 A. has for its 


Zeeman pattern the following 


(0) 31 
30 ' 


By a measnremuit 


on the photographs of the separation A« of the Zeeman 
-components of the neon line and by a mrasurement of As 
max. between the orders, it was possible by simple calcu¬ 
lation for ns, knowing AX max., to determine the field- 
etrengtL Table 1. gives the actual results obtained. 
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The oolnnm headed “H mean” gives in each cw the 
mean value ot the magnetic field from the values obtained 
before end after the green line Zeeman effect was photo- 
graped. The column headed “ calculated gives the 
Mparations between the outer components of a normal 
triplet for the field values given in the previous column. 
Finally, the last column gives the ratio of the observed AX. 
to the calculated AX for a normal triplet. 

The mean of the tl^ree results gives the magnetic separa¬ 
tion of the oxygen green line to be 0*96 of the normal 

*”The*^neon lines were rather fuzzy, as can be seen fwm 
__ H «.-«a to indim lust 



whore the maximum or me - 

of the field strength was therefore subject to error. Though 

there is little doubt that the total experimental error could 

have been as much as 4 per cent., we had no hesitaUon in 
concluding that the Zeeman separation of the g^n line 
was normal. Since parallel components would be absent 

we tlike itthattlie oxTeeii green 



the resnlt that the magnetic resolution of the green 
line is a normal triplet, it is possible to determine with 
a considerable amount of definiteness the exact location of 
the oxygen green line in the spectral scheme for atomic 

is a diagram of this spectral scheme. It consists of 
three systems. Two of them have the metastable le^ls 
and *Dj for their lowest terms. The system with *!*«*»• 
its lowest term is well known. Tliose with 'So and D, 
as lowest terms, as well as the one tesed more immediately 
tm the *P«* term, are systems predicted on the basis of the 
Hand theory. There is no jiossihle plate for the green line 
in the scheme having »P„„ for its deepest level, so we must 
confine our attention to the other two st hemes. 

A brief consideration of the energy relations involved 
enables one to limit further the position of the green hue in 
the spectral term scheme of oxygen. An examiiiation of 
fie 3 will show that two spectral lines occur in that region 
of the oxygen spectrum that could be most easily phot^ 
graphed, if radiation covering it were included in the light 
coming to ns from Oie night sky. They are at X 4368 A 
•nd No snch lines, however, have ever been 

ot»erved in the spectrom of the light from the night sky. 
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From this fact it may be coacladed, therefore, that, under 
^e conditions that give rise to the emission of radiation 
from the night sky corresponding to the auroral green line, 
there is not sufficient energy available to raise we oxygen 
in the upper atmosphere to the atomic levels involved in the 
production of the wave*lengths X 4368 A and X 3947 A. 

It follows from this that there cannot be sufficient energy 
available to permit of electronic transitions to the low xif* 

Fia.3. 



Atomic levds of Oxygmi. 


levels ^ th» ^So sysimu from higher on«j in it or to the 
low xtD levels of the *Dt system from higher ones in it. 

Moreover, it is oertain Uiat an electron jump from any 
one of the low *P levels of the *So system to the *So level 
or from any one of the low ‘D levels of the *D, system 
to the *0} level would give rise to radiation far in the ultra¬ 
violet re^pon. This follows from the fact that the resonance 
lines of the *Fou system ue far down in the ultia-violet. 

We are limited ther^ore to transitions from one or other 
of the metastable levels *So and ’Dj. These, it is well known, 
are usually clamed as forbidden ones. 
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In 1927 the authors pointed out that it would be neces¬ 
sary to include so-called “forbidden" transactions in our 
considerations when seeking for a place for the green line 
in the spectral term scheme for atomic oxygen. 

Moreover, Bowen has since shown that a number of the 
nebulinm spectral lines result from electronic transitions 
ordinarily classed as forbidden ones. This furnishes con¬ 
clusive evidence that metastable states are not absolutely 
stable ones, and that they, too, are states of excitation from 
which spontaneous transitions accomfmnied by the emission 
of radiation can occur. 

The predicted Zeeman effects of all the transitions origi¬ 
nating in the lower metastable states of the oxygen atom 
are given in Table II. 


Table II. 


Transition^ 

Zeem&n Pattern, 

. 

(0) 1, 
i 

. 

0 

0 * 

. 

(0)3 

*S,—>»P, . 

(0) 3 
a 

■•I),-^»p,. 

(0) 1 

1 

. 

(0)(1)123 

2 

»J),—. 

(0>(l)(2)123 4 
2 


^ It will be seen that two p(»sib]e transitions could give 
use to a normal triplet Zeeman effect. We may at once 
rule out the transition because if it were the 

transition that gave rise to the auroral green line the tran¬ 
sitions and ‘Dj->-*P 3 would certainly be present 

and would give rise to two spectral lines in the vicinity 
ot \5577 A. These have never been ol^erved. 

Therefore it is seen that the green Hne at X5577, 341A 
in the spectrum of oxygen must have its origin in electronic 
transitions from ’So metastable levels of oxygen atoms to 
ones. 










Jffeat-flow through an Insulating Wall. S67 

References, 

(1) McLennan & Sbrnnt, Pioc. Roy. Soe. A, cviji. jp. 601 (1926). 
McLennan, McLeod, and McQnarrie, Proc. fcy. Soc. A, cxiT» 

p. 1 (1927). 

Cano, Z^.f. Ihysikf xliL p. 16 (1927). 

_ McLennan md McLeod, Ppoc. Roy. Soc. A, cxv. p. 616 (1927). 

(2) fiu:Leni)sn, McLeod, and McQoame, Proc. Roy. Soc. A, ciir. 

p. 1 (1^). 

(8) Back, Atm. d. Pigfsii, Ixxvi. p. 817 (1926). 

(4) Mcljennan, Ruedy, and Mcljeod, Trans. Roy. Soc. Cktnada, aer. iii, 

vol. xxi. section iii. (1927). 

(5) Bowen,‘Nature,’Oct. 1, 1927. 


LIV. The Effect on the Heat-fiow through an InsulaHng 
Wall oj Certain Modifications of Shape of its Isothermal 
Boundaries. By F. H. Schofield, B.A., B.Se.* 

I N dealing with the steady flow of heat through a plane 
wall ot insulating material, large in area in proportion 
to its thickness and with isothermal boundaries, it suffices 

Fig. 1. 

I I I I i~ ° 



c 



to treat the matter as one of two-dimensional fl«iw between 
infinite parallel isotberinals. It is propped, on this basis, to 
investigate the eif'ect on the heat-flow through such a wall 
due to certain modifications of one of its boundaries. The 
shapes dealt with are according to the sections shown in 
fig. 1. OE these (a) represents a series of thin projections, 
of equal depth and spacing, from one of the isothermals such. 

• Clommunicated by G. W. 0. Kaye, Sapeiintendeot, Physics Depart- 
meut, Natioual Physical Laboratory, Teddiagtoii, Middlesex. 
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as would correspond roughly to the metallic ribs of a ship 
projecting into a wall of insulation applied internally 
against its side ; {b) and (c) represent single projections of 
finite width, respectively internal and external, such as 
would be encountered in a wail of insulation applied against 
a surface with either a projecting buttress or a recess ; and 
(d) represents a single rib projection of T section. The 
solutions in these cases would, of course, apply where the 
modifications of one boundary are duplicated in the other as 
if by mirror reflexion about the mid.plane. 

While the problems to be considered are thus stated in 
terms of heat>flow, ii. will readily be understood ttiat they 
might eg^ually well be expressed in relation to any other 
phenomenon which is subject to the Laplace equation. For 
example, the problems might be considered as those of the 
flow of electric current in long strips of metal of uniform 
thickness cut to the shapes indicate, or of the distribution 
of electrostaiic charge and potential in the case of condensers 
of the appropriate cross-section extending to infinity in a 
plane perpendicular to that of the paper. 

The method of solution employed is that of conformal 
representation, using the transformation found by Christoffel 
and Schwarz 


I. A S^EiEs OP Thix Ribs. 

In this case it is clear from considerations of symmetry 
that the flow lines from the tip of each rib, and from the 
points on the lower boundary, midway between the ribs, will 
be straight lines normal to the upper boundary. Hence it is 
only necessary to consider the rectangle formed by two 
snch adjacent flow lines and the isothermal boundaries 
joining them. (See z plane, fig. 2.) This corresponds to 
the problem of the electrical resistance of a rectangular strip 
of metal with two electrodes sopplie<l along the whole or 
portions of the sides—in the particular instance now under 
consideration the resistance of ABC!) with electrodes along 
AD and BE—which has been treated generally by Moulton 
For our purpose it is convenient to follow a less general 
treatment than Moulton^s and adopt tlie transformation 
shown in fig. 2. The linear dimensions 4 m, and n of tlm z 
plane and / of the w plane are as indicated, while the 

* For a discussion of this tranaformation with numerous exainpleSf see 
J. J. Thomson’s * Recent Researches in Electricity and Magnetism/ 
chap. iii. (Clarendon Press, 1893.) 

i Proceedings of London Blatheinatical Society, iii. p. 104 (1905). 
Also Jeans, * Electricity and M^ietlsm/ 4th edition, p. 854« 
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Heat-flow through an Ineulatmg Wall. 

lettering in brackets at tfae comers of tbe rectangles are the 
lengths along the real axis in the t plane, sabject to the 
condition In. fig. 2 and other similar diagrams 

the convention is adopted of showing the boundary isother¬ 
mals and flow lines as full and dashed lines respectively. 

The relation-which converts the bonndary ABCD, and the 
s{mce inside it, into the real axis and upper half of the t 
plane, respectively is 

!/**)■*, • . • tl) 

Fig. 2. 



- n 

1 

m 1 

1 

I < 
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1 
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-•* 0 t lA * 
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t Plane 





B'(») 






CXpk*) 


tne 


L being a constant. Putting f a=r*/A*, we have 




dr 




+ N, 


( 2 ) 


where M and N are constants. Calling B the origin and 
BC the real axis, H becomes zero, and we have 


l=MxK(mod\/*). . . ... (3) 

and l/n««»K/K'(modX/A). . . . . . . (4) 
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Hence combining (2) and (3) 

«=(i/K)8n-»(^VF,X/it), . . . . (5) 

and the length BE is giyen by 

. . . . . ( 6 ) 

Similarly, tibe intnsforination £rom the v> to the t plane 
yields 

w=r(i/K)sn~*(jfc Vt, X). .... . (7) 

Hence from (5), (6), and (7), 

sn(K 2 /l, \fk)=kv'i==m{Kmlly yk)%n(Kw/l, X). (8) 

The constants X and k are known in terms of the dimensions 
If m, n of the z { lane through equations (4) and (6) above. 

Hence the equation (b) gives the coordinates (dj+ty) of 
any point of the z plane in terms of the coordinates (u+iv) 
of the corresponding point in the w plane, and so gives the 
distribution of flow lines and isotherroals of the former plane 
in terms of the rectilinear distribution of the latter. Ihe 
necessary calculation, involving the splitting of (8) into real 
and imaginary parts and solving for x and y, would be very 
laborious, and probably the simplest way of obtaining the z 
plane distribution would be to prepare two charts giving a 
series of orthogonal corves for constant values of p and of q 
in the relation f 

P + fQ=sn{p+*5), 

and for the respective moduli X and X/k. Then ihe first 
chart would give P and Q for any desired values of w and v, 
and, after multiplying the former by the constant sn 
(K m/l, X/k), the second chart would enable the values of 
Kx/l and Ktf/l to be read off. It is not proposed to apply 
the method here, especially in view of the fact that the 
calculation of the distribution in the simpler case of a single 
rib in an infinite layer has been given by Lees and that, 
as will be shown below, this case gives a very close approxi¬ 
mation to that of a series of rim unless the gaps between 
them are comparatively small. 

With regard to overall beat-loss, the flow across the strip 
of width I and length AB in the ;; plane is equal to the flow 

* Since the function U to be inverted it ie here written sn-^ in place 
<rf Legendre’s F. 

t %e e. g. Dixon’s * Elliptic Functions.’ Appendix A. (Msiaaillan 
& Oo., 1894.) 

$ Froc. Phys. Soc. ixiii. p. 301 (1911). 
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across the strip of width I and length A'B' in the w plane, 
where the flow is entirely normal. If there were no ribs snch 
as £0 in the z plane, the heat-flow from AB would also he 
normal, and hence we may regard the effect inserting 
the ribs as equivalent to adding a length 2X per rib to the 
strip where X is given by 

X*A'B'-AB»^{K7K(mod\)~K7K(modX/ifc)} . (9) 

From this equation we may readily deduce the “added 
length ” for the marginal case of a single rib in an infinite 
layer. Thus putting X=0 we have a zero modulus for both 
sets of elliptic functions, so that in each case K=sw/2, and 

K'(tnod X)=L<;^_o[log (4/X)] 

and 

K' (mod K/i) =IrfAsoClog (ih/X) ], 
and from equation (6) 

ibssin (m'irf2l). 

Hence 

X==(27w) log(lA) 

=:(2//'jr) log cosec (fii7r/2Z), . . . (10) 

which agrees with Lees’s direct solution for this marginal 
case, while for the general equation (8) degenerates into 

sin (zwl2l)= sin (»nr/'2/). sin [W7r/2l), . . (11) 

which is equivalent to Lees’s equation. 

The added length X for a series of ribs is calculated for 
known values of I, tn, and n from equation (9) as follows :— 
From equation (4), using Legendre’s Tables, we get the 
modulus Xjk : from (6) the argument k, and hence the other 
modulus X. In the following table are set out the values of 
X/{ for a series of values of n/l, taking the two cases where 
the depth of the rib (i—m) is respectivelv f and of that of 
the layer. 

It will be seen tliat in the two tmses taken the error in 
the total beat transfer due to using the formula (10), 
applicable to ttie infinite case, becomes less than 1 per 
cent, when the semi-distance n between the ribs is slightly 
m^e than one>half of the thickness of the layer (see cols. 4 
and 7 of Table I.). Hence in most practical cases each rib 
of a senes, which may be of various depths and spaeings, 
can be treated independently as a single rib in an infinitely 
long layer. 
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TablbI. 

2X=the “ Added Ijength ’’ per rib. 




l:=2m. 

m/I 

X/l. 

Percentage difl. from oo ciise. 

___ 

X//. 

Percentage from od case* 


ram 

100(X,-X) . 


mm 




»*fX 


X 

«+X 


OoL2. 

Cul.3. 

Col. 4. 

Col. 5. 

CoL 6. ' 

CoL 7. 

0-3S3 

0*5070 

20*6 

12*4 

0*1834 

20*2 j 

7*2 


0*5731 

6*7 

3*6 

0*2070 

6*6 ■ 

1*0 

1 

0*^ 

0*3 

0-1 

1 0*2201 

[ 

on ' 

0-1 

2 

0*6116 

0 

0 

1 0-2205 

0 i 

0 

S 

0^120 

0 

0 

1 

0-22^ 

1 

0 ! 

i 

0 

m 

0*6115 

0 I 

0 1 

0 2206 

0 1 

0 


II. Thick Eib or Buituess. 

The diagram of this case is given in fig. 3 in the ; and to 
Fia.3. 

Ctt-V''k*sn'o.4>iK«o) n/t-*— t.ik) 

I • 

\ m 

\_ I ..Jl 

jPlone 

C (t«l/k^sn *a) P fe 


Plone 

planes only, nsing the same conventions as before, bnt vrith 
a carved dotted line to indicate the flow line CC, which is 


, .tt»o.J;=o) 

I v^sK} 



B(tti/k*.4=K*iK) 
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entirely at infinity. The transEormation from tbe z to the 
t plane involves the third type of elliptic integral, and, with 
a view to obtaining the Jacobian form, we note' that the 
infinity point C in (he r plane gives rise to a term of the 
form (<—in the transformation. Hence h is conveni¬ 
ently pnt eqnal to 1/P sn® a, white t is replaced by a new 
variabie sn® Following a similar plan to that adopted in 
the previons case, tbe other corners of the polygon con¬ 
veniently become as shown in the diagram, and the required 
transformation is given by 


ds/dt=A(f- l)+*(t-l/X-* sn® . 

Patting fssss-n* and M=s —2AA* sn* a, wo obtain 


dj 

dc, 


M 


Ofl® f 


f} 


^ i aii^ a co^ 

m/i- \ 

i 1 —X** sn*a / 




( 


M 

¥ 


¥ sn a cn a dn a 
i —4 * sn^ a sn* ^ 

I 


da a 

sn a cn a 
sn it on a ’ ) 


)} 


(14) 


(15) 


No integration constant is reqnired if the origin is fixed 
at 0, the real axis being OA. The values of the new variable 
^ at the corners of the polygon are as shown in fig. 3, and, in 
order to obtain the finite dimensions 4, m, n in tbe z (dune, 
we proceed as follows :—I is the change in ^ as I passes 
through 1/X*sn*a (or J passes through tK^-fa)^ and is 
therefore given hr 

dll« 


il^i 


iX* sn a cn a * 


( 16 ) 


This expression may also be obtained by use of (1^)> 
and (20) below. Substituting in (15), we have 




TT 


(17) 


To obtain the other dimensions in tbe r i)lane, nse is made 
of the following relations of the II function 

_n(K,a)=KZ(a). . ..(18)’ 


n(K+tK', a)=KZ(a) -ht{K'Z{a)+aw/2K}. (19) 
.^(fK^a)«si{K'Z(«)^-a^r/2K±w/2}. . . . (20) 
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Hence from (17), (18), and (19), 


n 

2Kf 

Psnacna 



dna 

m 

2K‘ 

f^i^sna cna 

1 ~ 


i Q 

[ s 

[ 


zw|. 

-zw} 


ihe signs in (22) being consistent with (16), (19), and (20). 

The lengih BO is infinite by virtue of the yalne of 
n(iK'+a,a), and since we propose to obtain the difference 
between this length and a corresponding infinite length in 
the to plane, we analyse the function by means of the addition 
theorem, as follows:— 

n (iK'+a, a)=Lt«=.o[n (iK' + e+a, a)] 

r 

=:Ltcso II(a, a)+II(i’K'4**.a) 


, , / 4^ sn € sn (2a + ej 

j, l»8nasna 
h* sn e sn £ 

= n(a 5 a) + i{K'Z(o) + aw/2K} 

—4 log sn 2a+ L<«=o[4 log sn e]. (23) 
Hence BC is given by 

BC=OA+AB + BC-(OA + AB) 

(a-K)+KZ{a)-n(a,a) 

TT I an a 

+ iiog8n2a—Lfesxo(41ogsne)|. • . - (24) 

Converting to the « function by the relation 

V , 0{2a) 

II(o,a)s=aZ(a)—41og-igj^, 

and combining with equation (21), we obtain 

— - L<*«o (1<^ sn «)..(25) 

'This eapression is infinite by rirtue of the last twin. 





Reat~ftow through an Insulating Wall. 575 

Taming now to the transformation which converts the w 
into the t plane, we have 


dwleU=t~i(t—ljli^ sn* o) 


,-i 


(26) 


which yields on integration, for an origin 0' and a real flirU 

0*0^, 


the valne of P 



1-f isng 

1—Asna Vt 5 ’ 


being given by 


. (27) 


il==Plog(--l)=Pm. 

To obtain the^ length O'C', we proceed in a similar way to 
that adopted in the case of the « plane, patting t equal to 
1/iP sn» (a + e) and taking the limit for sLo. ^ ^ 

Thus 


0'C'=Lt.=o 


:L<, 




[;'««{ 


sn(a-Pe)+8ng )~j 
8n(a+e)- sna) J 

sng en edn e-t-sn sen adna + 
sn acne dn e + sn ecnadna— . 


+ 8na(l—^sn^esn^g) ! ~| 
“~sna(l—sn *e sn *o} / J 
I , 2 an a I ^ 

~~ V ^^cnadiia ““ir «}. 


(28) 


!ae last term of this equation is infinite and identical with 
the last term of (25). 

Now, if the heat-flow from OA+AB + BG had been 
* normal, that is to say, perpendicular to OA and BC, it 
would have been equiralent to that across a strip of width I 
and of length BO + OA(//1 -to). Actually the heat-flow in 
question is equal to the normal flow across a strip of width I 
O'C*, since this is the length in ihe to plane, where 
the flow IS entirely normal, equivalent to OA +AB + BO in 

HA **’® heat-flow from 

UA-f AB + BO oyer the hypothetical normal flow is equiva¬ 
lent to the addition to the strip of width I of u lenirth X 
given by s- 


X«0'(y-BC-.0A(f/l-m) 



2 sna SCO) 

on a dn a sn 2 a tt( 2 a; 



• (*9) 
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This eqaation, together with (21) and (22), which determine 
the constants k and a in terms of the dimensions I, m, and n 
of the, z plane, gives the solution of the “ added length in 
the case tinder consideration. 

It is nsetnl to check the result by degenerating the 
solution to obtain known marginal cases involving two 
finite dimensions. Thus ;— 

Ceueli 

This is obtained by making the modulus k equal to aero, 
for then 

Kssir/i and K'=L4_o[log (4/i:)]. 

Hence from equation (21), noting that Z(a)=0, we have 

njl^O, 

while from (22), noting that i* is the lowest power of i in 
Z(a) and that in the limit k* log k is sero, 

— log^^^{A:®sin flcosa —Z(a)J— ^ 

_ ?? 

w * 

Hence since 0(2a)/®(O) = l, we have 

_ I , / 2sina \ 

Aas —logi-~ * 

IT " \cos a sin zot- 

= ?^logsec^’|^^,.(30) 

which agrees with (10) above, allowing for the fact that m 
of the last-mentioned equation is here replaced by l—m. 

Case 2 ; mfl=0. 

This is obtained by putting Then since cn a=dn a 

=secha and sn a=Z(a)=!tanba *, and, as will be shown 
below, 0(2a)/0(O) =!=cosh 2a, we have mllssO and X/l—0. 

Case 3 : »!=». 

This is obtained by putting is=l and a=K--/5, whore ^ 
is a finite quantity, K of course being infinite. For the 
pnrpose of equations (21) and {22), we note that 

«a(K—/S) cn(K—/3) _ sn^ cn ^ o 

---tauh^, 

- Z(K-y9)=/S/K=0. 

* For these degenerstioDB and those used in obtaining equation (SO), 
see e. g. Dixon’s ‘ Elliptic Functions,' chap. viii. (Macmillim h Co.) 
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n 2K,^ . ^ 

/-—^/K)sS!00. 


m 


— js=tanh/S—1.. 
From the latter eqaation 


&7T 

(31) 

(32) 


tanh^=(/-m)/l or /8=iiog?ir^ . ( 33 ) 


m 


Jog{ 


fn 

For tile porpose of dealing wia equation (29), we hare 

e^)_ e(2/S) 

®(0) 0(0) =« 

—cosh 20 .. . , 

2gn(K--j3)e(0) I 


(34) 


cn ( IS. —fi) dn (K -yS) sn (2K -^20)B{2K - 2/8) • 

=.^1 J«»/9d»y9e(0) ) 

I k'*m0an20H{20} } 

=2I«g^+il»gj^. . . 

r(‘-K)-n~-F(|-5^) 

“ ^(tanh/S+oothjS)— 

Using the last two equations, we have from (29) 

/ w « 4i(i~m) + i+ - 7 -ji®g 

Putting TO= (l-b), this becomes 


m 




P-4* - P+4*, 1+4 


*■ 


+ 


14 




(35) 


(36) 


(37) 


(38) 


‘his 

CaUndaUon of “ Length,** 

The calculation of the **add*H »»:- , 

c». «„ b. 

• Phil. Majf. xTi, p, 734 J|90g) 
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•Hied fanctioBB due to Grcenhill and ^ 

functions are given for a series of values of the modulus k— 
for the most part for every 5®-and for every ninetieth ^t 
of K for the variahle a. Expressed in terms ot the 
used in. the Tahles, the variahle r being equal to 90a/K, 
equations 21, 22, and 29 become respectivelv 

. m 

-FAr)\. . m 


« 

?? 

f it*A(r) B(r) , 

U’C(r)L)(r) 

1 ” 

V 

m 

r 

2K'f**A(r)B(r) 

1 * 

90" 

"■^ti'C(r)l>(r) 


P iSfV « — V ^ 

X 1 . r ^A(r) D(r)_ ^ V 1_ ” . 

V*'B(.-)f(r) A(2r) J ^ 

.... (41) 

When 2r is greater than 90^ it can shown that A(2r) in 
^mltion (41) should be replaced by B(s), where , is equal 

*°Tbe p^n adopted in the present case is to take a constant 
denth m of the buttress, and obtain the values of X tor a 
ser^M of values of n. For this purpose, taking any modulus 
k the value of r is found by trial giving the 
mil and using this value of r, the ratios of n/l and X/^ro 
r^ily calculated. Curves have W oUmMd as above 
described for two values of mjl, namely ^ ^d }, and are show n 
to fig 4, which gives ttie calculated pointe and Ae appro¬ 
priate modular algles. It will be observed from the cun^, 
marked B(|) and^i), that the asymptotic approach to the 
final value is extremely rapid. 

in. Ebcbss. 

The trauBformation from the t to ihe w plane is the same 
as for the previous case, while that for the r plime is identical 
^th that employed by Carter t in dealing ® 
in magnetism mnstratod below m fig. 9. Following the 
foaori^in the previous <^s, we shall however adopt the 
Wdit modifimtt^n of cutting the figure into twoj^fs by 
tbe^central flow line (see fig. 5),and hen<» ohtem the 
following equatibn for the transformation from the z to 
^e t plane. 

<fe/<fc*Ar»(«-l) (42) 

• <8aiittisaiiian Mathematical Fo«m»d» imdTaWee «rf KlUptic 

Foiuduwa' (PoWk^n No. ^2, 

t Jouni. Inst. Elect. Eng. Ei^- v«S- httv. p. HIT (1^). 
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h'lB.*. 
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Patting t =80* f and M = -2A*sn* a, we have, on integra¬ 
tion, 0 being llie origin and OA the real axis, 

and for the finite dimensions fc, «i, «, 

Monaw 




2 sn a dn a 


«i ^ 2K' Unadna 
h ]_ cno J 

"-Z(a)}. 


a 

K- 


n 

h 


2K fsnodn 


(44) 

(45) 

(46) 


ISie expressions (44), (45), (46) agree with Aose riven by 
fburter, but the remainder of the problem differs trom tnat 
treated by him. 

From (43) and (44) we have 


2h 
’ tr 


X!5£ia?{_n«,a))i . . (47) 

I CD a • 


and hence using (23), (24), and (46), 

2* I »£dD a („_K)Z(«) 

w I cna ' 


+1 log 0 0)^ " — } 

= “«(l-K)-i;I^<*=»0og8ne). 


KO) 

And since the length O'C' is given by (28), we have for the 
added length'^ X 

X = O'C' -BC-OA(A/A+ m) 

= i^iog{. 

w ° I cno dna sn o0(2a) J V tv/ n + m 

®ie solution given by equations (45), (46), and (49) may 
be checked, as before, by degeneration into marginal oases, 
tiins:— 


Ciue 1: *a/A =® 0« 

This is obtained putting A = 1, in which case X can 
be shown to be zero. 
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Cme 2: mjh = oo. 

1^18 is obtained by patting A =» 0, which gives 


« . m 

j^«tana, j*-«. 


Xl: 


A 




2 sin a 


COSO 2 sin a cos 


“^‘0H(-^j+”tan-*-, .... (50). 

which is eqairalent to J. J. Thomson’s* solntion for ^ 
nMWgmal caro. It is to be noted that when n = 0, X becomes 
zero, as wonld be expected. 


Cate B : n/hsseo. 

This is obtained by putting A = 1 and a = K-/8, where 
is a hnite quantity, K of course being infinite. FoUowing 
the procedure previously adopted, equation (49) degenerates 
into Lees s marginal case, i.e. equation (37) above. 


Calculation of " Added Length:' 

The calculation in this case was carried out in the manner 
already described. In order to get a comparison with the 
previous (»se, which is of course identical with it when n is 
inhnite, I is substituted for (A + m), and curves calculated for 
me same values of m as before, namely 112 and 3 l/i. The 

valnA approach their final 

value when n/l is of the order of unity. 

IV. T-shaped Bib. 

diagram is identical with that used for the 
nrL.r I*' *'* ** «>“c«™ed with borh the 

fo?^L^J,°rf separately 

iHuECv ibfn projection OEA 

IS infinitely thin. The third type of elliptic mtegral is again 

henl^the transformation from the z to tlie%lane,and 
hence the same sequence of descending values is adopted, as 


* Zoe. dt. p. 236. 
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before, for the points C, B, and ^ uunely an*a, l/M, 
and 1. Since it is not permissible to fix more than two 
absolnte lengths along tiie axis in the t plane, or tibe ratios 
of tiiree Imgths, an arbitrary vMne h^ to ^ assigned to tim 
pmnt E, which must then lie determined in relation to the 
constant k and a. The valne at E mast be less than 1, and, 
nmm tiie variable is to be changed to sn*|^ the valne in 
qa^tion is pat eqnal to sn* 5. Tm required tiansfonnation 
is then 

Azfdt ^A{t- 8n*d)r*(«-l)~*(«-l/F)~*(e-l/i*sn»o)"*- 

• • • (51) 


Pig. 6. 

Cft.lA*sii»a.t»iK'*o> _D<t >iE<w,{i.iK'> 

t 


I 




C(t» i K'^a) 

5 Plone 


m 

i- 






Putting t = sn* f and N = 2A this yields on integra¬ 

tion 


z = N 



1—A*sn*a SD*fc 
/i* sn a cn a dn a 



no integration constant being required for the origin a 
and a real axis OE. 

Tlie points O and A being coincident in the £ plane, vre 
have, on putting ? = K, 


0 = N{K.„=(,-KZ(a)(>jr^^.f5‘)}. 




..Z(a) 

sn a cn a dn a + sn* a Z(fl) ’ 


which gives the constant b in terms of a and k. 
Then, since 

,_/ 1—i*sn*nsn*//* 

2 t ■p sna ciT^d'n 




(53) 


(54) 



IImt~fiow throwth an Inmlating Wall. 
64 ] aation (52) may be written 

21 (t.sn^b{J<?macinaAna) 


58a 


tl 






And for the finite dimensions m and n we have 


m ^ a 

T^R 


II 

/ 


llo 

TT 


(55) 

(56) 

(57) 


Further, we have 

TT 


BC 


{ *og- - Lt.=o(iog sii 6) I; (58) 


so' that the “ uthleii length,” X, is given bj* 
X = -(BC-OE)-OE(i/i-m) 


nm 


ir ^ tcnadnasn^a© (2a) f I—m 


(59) 


The marginal cases o£ nfl = 0 and n/l = » are dealt witk 
below. 


Case 1: n/l sa 0, 

This is obtained by patting * = 0, and equation (59) 
readily rednces to (30). 

Case 2 : n/l ss x>. (“ Added Length^ and Didribtdim.) 

This marginal case does net appear to have been dealt 
with e^where, so that an independent derivation of the 
expression for the “ added length'' is given together with a 
compntation of the flow line and isothermal distribution for 
one particular case (m = 31/4). This calculated distributikm, 
applying when n/l ss ao, allows an approximate idea to be 
formed of that applicable to a finite value of n, even when 
the latter is quite small, and is therefore useful in showing tiie 
nature of the flow in the neighbourhood of the sharp edge. 
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BeCerring to fig. 7, we have for the transformations to the 
4 -pIane from the z and to planes 

<lr/iit« Pt<t~l)~‘(t+ar^. . - . (60) 
dwfdt ^ ... . . . (61) 

Then, if E, E' and OC, O'O' are the respective origins and 
real axes, we have on integration and evalnation of the 
eoBstents 

tp = ~log(l-t), .(62) 

If 

S ==-^Iog(l-t) + ’“log(l + ~), . . (63) 
Kg. 7. 


4f 



w Plane 


wh^re a is equal to mj{l--m)» Whence 


BC=^[log<],.. - -logo.(65) 

B'O' = -^Pog(l-0j*=t.(60) 

E'C'=^[loge]te..(67) 


X = 0'E'+B'C'-BC-E0(i/<-ra) 
(/—wi)7r ^ tn w 
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For calculating the complete distribution, t most he 
eliminated from eqnations (62) and (63), so that the co¬ 
ordinates of the z plane may be obtained in terms of 

tho«» (»+<o) of the to plane. 

13»q 8 from (62) 

t = l—e“''*|co8 (ctt/I)+ i sin (w//)}, . . (69) 
while from (62) and (63) 

. . l—m, ... 

■*+*y * - p- (a + to) 



i8ingtr/0}J 


(70) 


Uenee 


where 


I — Wt m a ^ A 9 . 

or = —j —. M + ^log (A*+ B®), 

1 —W . I» |/D1»X 

« = -7- • »+ - «an*‘(BM), . 

4 — / --(I—m)e**’'* cos (or/O 
m ’ 

j, —(1— m)e^‘2^sm {tn-jl) 


. (71) 
. (72) 

. (73) 
. (74) 


From these relations the coordinates of the points of 
intersection of the isothernials i> » 0, 1/4, 1/2, 31/4, and 1, 
with the flow lines u = 0,1/4,1/2 .... have been calculated, 
and are shown in fig. 8. In order to show in greater detail 
the nature of the flow near the sharp edge, portions of the 
isothermals p « 1/8 and 1/16 and the flow line « = 31/8 have 
also been caicniated. It will be observed that at a compara¬ 
tively short distance from the edge in either direction (see 
flow lines u « ±51/4) the flow becomes practically normal. 


Comparison of Boundary Distribution for l^Rihs of 
Finks and Infinke IFuftAs. 

It is clear from the preening section that the general 
distribution of flow lines and irothermals will be very similar 
in these cases, unless the width of the rib is small. An 
exact comparison of the distribution along the boundaries 
can however be made, that for the rib of infinite width being 
of course covered by the preceding section, and that for the 
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rib of finite width being dednoible from eqnetions (27) sod 
(55). Thus from (27), since F = Ifvmd f=sn*f, we hare 

— (wir/2i) 

SB. 4 252S “ —i*---- f 

’ ksaa 

and the following deductions can be made as to bonnidarjr 
distribution;— 


(a) Lower Isothermal Boundary—along OE and EA (fig. 6). 
Here « == 0 and y = 0, so that 


I e(r+a) 


«)’ 


(75) 


Fir. 8 



where 


^ tanh (mw/2 /) 
sn f = , 

k sn a 


(b) Lower leothermal Boundary—along BU. 

Here i? = 0, and the variable f is replaced by where 
^ *s K + iK'—so that 


where 




i loir / 

w ® Ich (f+a) e(^+«) 




+ tm, . 


dnd _ tanh («w/2f) 
en^ sno 


(77) 
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(o) Upper liothermal Boundary — alot^ DC. 

Here r = /, and the new variable is given by f = eK' + '^, 
so that 

x+iy ~liog (^9) 

where 

sn'^ s sn a tanh (kw/2 /).. (80) 

The origin applicable to the finite case is 0 (fig. 6), while 
that (or the infinite case is E. If we take £ as a common 
starting-point (or purposes of comparison, we Imve first to 
<»Ucalate for the finite awe, from (76) and (76), the vaine 
of u at this point. The points o£ intersection, witii the 
boundaries, of flow lines spaced at any desired intervals from 
the flow line through E, e.g. intervals corresponding to steps 
in u of +l\2, ±1, etc., can then be oiicnlated. This htw 
been done with the result shown in the Table II. The 
depth of rib is the same as for fig. 8, i. e. m = 3i/4, and 
using a modular angle of 86°, the value of b is found to be 
55 04® from (53) and nfl = 0 280 from (57). 

It will be obierveii that, on the whole, there is a close 
agreement betw’een the two oases given in Table II. The 
maximum divergence occurs where the infinite re-entrant 
}M>rtion of the one tase is replaced in the other by the short 
re-enlrunt portion bounded by the upright line AB. Thus 
the flow line n = 1/2 which in the infinite case falls on the 
lower boundary to the left of B, falls on the upright tine AB 
in the finite case. The precise amount of the displacement 
in this region is indicated by the values given in Table II. 
for the flow line « = O’fiSfi I, which actually pas-ses through 
B in tlie finite case. The divergence along the portion of 
tlie lower boundary BC rapidly decreases as the distance 
from B increases. Along the portion of the lower boundary 
BO the agreement between the two cases is very el<we, while 
along the npfier boundary the flow lines in the finite case 
are slightly displaced to' tlie right (fig. 8), as w-ould be 
exacted. 

With regard to the remainder of the boundary, expressions 
for the distribution of isothermals along OD (fig. 6) and of 
flow lines along AB could also be derived from equations 

(27) and (55). 

It may be added that tlte cases of a finite buttress or reeesa 
could be dealt with in a similar way by use of equation (27) 
wheti combined with (17) or (43) respectively. 
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CcUeulatim of** Added Lei^tkf' 

The calcalaMoa is made in a similar manner to tiliat 
adopted in the preceding cases. From (S6) we obtain 
directly tiie ralne r (or 90 ajK) required to give the chosen 

TaBX.B II. 


Comparison of Boundary Distribution of Flow lines for T- 
Rilm of Finite and Infinite Widths, each of depth m s= 3i/d. 
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ratio of mil. b is then computed from (53), and nfl and X/i 
from (57) and (59) respectively. A series of values for the 
case of m = 3//4 is given in fig. 4 (see curve marked T3/4), 
and it will be observed the '‘added length” shows a decrease 
with increase of the value of n, the final value as given by 
equation (68) being however reached very rapidly. 

The case of m == 2/2 admits of algebruo t^t^nt, since 
it is obtained by putting a as K/2 or «* sa 45**. 
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Tliuri, substituting the following values in (53), 


58 » 


8n(K/2) + cii(K/2)= s/FJiTW), 

dn(K/2) = v'F, Z(K/2) = (l-i')/2. 

We find Umt b s= K/2, while from (57) 

Hence, from (59), 

f=ilog 

1 




2 1 , 1 


(75)' 


Ift 


log 2 ; 


(76) 


so that we have tJie curious result that, for the case of 
m = 1/2, the “ added length ” is a constant independent 
of the value of n. This result is confirmed bv the values 
given by equations (30) and (68) for the marginal ca^s of 
n = 0 and <x >. 


Comparison ofAdded Lengtlts.” of Buttress, 

T~Bih, and thin Bib, 

The second of these cases diflPers from the first in that it 
has the additional re-entrant portion of sides EA, Afi (see 
fig. 6). This re-entrant portion obviously prod oces a decrease 
in the total heat-flow, the precise magnitude of which for 
the two oases of m = 1/2 and 31/4 is indicated by the distance 
apart of the B and T curves on fig. 4. The calculation of 
the complete corves, like those shown on fig. 4, for a series 
of values of mil would be very laborious; but since the final 
value of the “added length*’ in either case is very n^rly 
attained for comparatively small values of n/1, a close idea of 
the values in the two cases may lie obtained by using 
equations (37) and (68), which give these final Taloes, 
i. e. for n/i as oo. 

A series of values has accordingly been calculated on thi» 
basis, and is given in Table III., together with those 
obtained from equation (30) for the single thin rib which is 
the limiting form of botli buttress and T-rib when n/l—O, H 
It will be observed that, for values of m/1 op to 0*5, the- 
added length for the T-rib falls intermediate between those 
for the other two cases, while for greater values of m/1 it is- 
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loss than for the others, being in the limit when m =5 4 cne- 
half of the added length for either of the other oases. 

Tablb III. 

Comparison of *** Added Lengths of Bnttrei^s, T-Rib, 
and thin Rib. 
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* L©e8, PhiL Mag. 

, xri. p. T39 (1008). 



GbhbkaIi Note on SiMitAB Cases. 

The cases dealt with above fall ttiider the general head of 
polygons, the boundaries of which consist of twoisothermab, 
at difierent temperatures, together with two flow lines Joining 
the ends of these isothermals. The method of solation 
consists in tmnsforming, through an intermediate plane, the 
polygon into a rectangle, the opposite sides of which form 
the mir of isothermals or flow lines, as the case may be, and 
in ^ich the complete isothermal and flowJine distribution 
is iherefore rectilinear. According to the boundary con¬ 
ditions, the final rectangle will be finite, or semi-infinite or 
infinite along one axis, or infinite along one axis and semi* 
infinite along the other. The first case occu^ when none of 
the two boundary isothermals or two boundary flow lines is 
situated entirely at infinity, while the other Ihree emm occur 
respectiyely when one, a {mir, or tbr^ of the boundary 
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isotbermals or flow Kaos are so sitnated. There is also the 
special case where a boandaiy flow line or isothermal is of 
zero len^h, e.g. a point sonrce. The rectangle appropriate 
to this case would be serai-infinite, the point isothermal or 
flow line of the s plane becoming the side of the rectangle at 
infinitj. Examples of transformations from the w to the t 
plane applicable to the first three cases described above are 
equations (7), (27), and (62). It will be seen that the finite 
rectangle involves the first type of elliptic integral and the 
other cases simpler functions. In the fourth ease, which is 
infinite along one axis and semi-infinite along the other, the 
rectangle becomes in fact one-half of the intermediate (t) 
plane, so that the final transformation to the v> plane is 
rendered superfluous. 

The transformation from the z to the t plane is, of course, 
more diverse in type and, as a j^neral rule, more difficult of 
manipulation than that from the w to the t plane. It may, 
however, be pointed out that the cases of the buttress, recem. 


Fir. 9. 


and T-rib treated above have the common feature of a 
c-plane transformation involving in part the third type of 
elliptic integral, and that this fact, together with the 
common to-plane transformation, has resulted in the first 
term in the expression for the ‘‘added length*’ being 
identical in the three cases (see equations (29), (49), and 

( 59 )). 

Attention may also be drawn to the method, followed 
where appropriate, throughout this {»per, of deriving the 
;-plane transformation from a diagram obbiined by dividing 
the figure by a line or lines of symmetry instead of using the 
complete original form. While this method of treatment 
has oeen of no immediate advanta^ in these particular 
instances, there are problems in whioh it results in con¬ 
siderable simplification, and in any event it serves to show 
the inter-connexion between cases apparently dissimilar. 
Thus, as already mentioned. Carter found it convenient, in 
dealing with the problem illustrated in fig. 9, to make use of 
|he c-plane transformation applicable to fig. 1 (c), both these 
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fiirares giving the contour of fig. 6 on insertion of lines of 
sfmmetry. The boundary distribution ot flow lines and 
isotbermals would not bo identical in the two raws, but tms 
would not affect the 2 -plane transformation, but merely the 
second and simpler transformation from < to w pwo® 

In arimilar way the 2 -plane transformation appliMble to 
fig. 5 will also apply to figs. 10 (a) and (b),in the latter case 


Rg. 10. 




—1 




1 


o 

b 


with the omission of either of the short upright linw if 
desired. Examples of problems covewd by /T*"® 
transformation ot fig. 3 are shown in fig. H- » 


Rg.ll. 



(ol and [b) are understood to have the Mcond isothermal 
boundary at infinity, while in the case of (6) the “l^rnate 
upright lines may be omitted if desired. Fig. 12 indnates 
problems governed by the 2 -plane transformation of fig. 6. 

Fig. 12. 




Fimflly* i^’ uiay be pointed out that, since the completo 
«v»tem of the isothermals in any case is interchangeable 
Jitli that of the flow lines, the solution of any 
that of the cognate problem obtained by effecting this 

interchange. 
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LY. JExperimenti on a Ferromagnetic Compound of Man- 
gamete and Artenie. By L. F. Bates, B.Se., PhJD.^ 
Leeturer in Physict, Unveersky College, London *. 

I N ao axaminaiion of the thermal and magnetic properties 
of a ferromagnetic snbstance consisting of equal parts 
of manganese and arsenic, the writer f found that the 
specific beat of the sobstance rose from a value of 0*12 in 
the neighbourhood of 28® C. to a value of about 0*14 at 
36® C., thence with increasing rapidity to a value of about 
1*0 at 42® 0., and then fell rajddly to a value of 0*13 at 
45® 0. The maximum value of the specific heat was found 
at 42*2® O. It was also found that the rate of decrease of 
the Intensity of magnetization with rise in temperature, 
dl/dT, was a maximum at 42*2® (3., whereas dI*/rfT was a 
maximum at 41*5® C. According to the Weiss theory of 
ferromagnetism, the specific heat of a ferromagnetic sub* 
stance should exhibit a maximum at the temperature at 
which dl*/dT is a maximum. 

It was therefore hoped that further information would 
be obtained from experiments carried out on the following 
lines. A glass apparatus of the form shown in fig. 1 
was constructed. Very short platinum wires were sealed 
through the lower ends of the vertical tubes. Some of the 
substance was placed in these tubes, so that the platinum 
leads were completely covered. The apparatus was then 
filled with a solution containing 40 c.c. of decinormal 
hydrochloric acid and 60 c.c. of distilled water, in which 
was dissolved 4*44 gra. of manganese chloride. A cork was 
fitted to each tube, and through that in tube A there passed 
a thermometer whose bulb rested in contact with the sub¬ 
stance. The tube A was placed in a glass vessel containing 
paraffin and provided with an electrical heater, stirrer, and 
thermometer, whilst the tube B was placed in a glass vessel 
and surrounded with ice. The potential difference between 
the two electrodes eras frequently determined as the tem¬ 
perature of the tube A was slowly raised. Curve a (fig. 2) 
shows a typical set of determinations, obtained after the 
substance had been in contact with the solution for some 
days. It will be observed that as the temperature rose the 
electrode A was at first positive with respect to the electrode 

• Communicated by Piof. Alfred W. Porter, F.R.S. 
t Batw, Ptoe. Roy. Soc. A, cxviL p. 680 (1938). 

PhU, Mag. S. 7. Vol. 6. No. 36. S^. 1928. 2 Q 



S94 Dr. L. F. Bates: Experiments on a Ferromagnetie 

B, the potential difference gradually reached a fnaximnm 
and then decreased slowly, nnlil in the neighbourhood of 
40° C. it began suddenly to decrease, attained a minimum 
and negative value and again increased. The pheno¬ 
menon was not a simple one, for the shape of the curve 
depended on the rate at which the temperature was raised 
during the set of observations. Thus curve i (fig. 2) sliows 
the type of curve which was obtained when the temperature 
of the tube A was raised about four to five times as quickly 


Fig.l. 



as in curve a (fig. 2). Curves of an intermediate form were 
obtained when the rate of rise of temperature was between 
tlie rates for curves a and b. Some further information was 
obtained from a set of observations made as follows. The 
temperature of tube A was raised slowly to 21° C., and then 
maintamed constant for forty-five minutes. During this 
intervid of time the electrode A became considerab^ less 
positive. The temperature was then slowly raised to 29° 0., 
and the potential at the end of an equal interval of time 
again showed a considerable change in the same direction. 
This behaviour continued at each stationary temperature 
until a temperature of approximately 41° 0. was reachnj, 




P^tentiaf Oifference 
Mifffvofts. 
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where, dariag the forty-five minutes for which the tem¬ 
perature was maintain^ constant, the potential of the 
electrode A became considerably more positive. Similar 
changes were always observed when the temperature was 
above 41® C. These changes were no doubt due to polar¬ 
ization phenomena. When the temperature of the tube A 
was raised more and more quickly, the polarization pheno¬ 
mena would be less and less completely established, and this 

Fig.2t 



12 ~z6 M 40 » 

Temperature °C. 

Note ,—The oniiuates of curve b have been displace dewawai^ by 
aOmiUivolts. 


would contribute a great deal to the differences between 
carves a and b (fig. 2). Now tiie substance exhibits pro¬ 
nounced temperature hysteresis, the ferromagnetic properties 
disappearing completely at 45® 0. when the temperature is 
raised from 0® C., and reappearing at 34® G. when the sub¬ 
stance is cooled. The behaviour of the potential difference 
was therefore followed when the tube A was initially heated 
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to 54° C. and then allowed to cool. At 34° C. there was a 
sudden change in the potential o£ the electrode A, the 
electrode becoming more negative and reaching its most 
negative value at about 30° 0., after which it became more 
positive. The changes, however, were very much less 
marked than those previously described. Such cooling 
experiments were difficult to carry out in a mtisfactory 
manner, and the results were very difficult to interpret. 


Diicussion. 

The above curves indicate in a striking manner the 
existence of a critical point in the neighbourhood of 42° C. 
Poh^rixation phenomena, of conrse, make the interpretation 
of the results somewhat difficult. Let us assume, however, 
that we are dealing with a reversible electrode, and that q 
is the amount ot heat liberated when an amount of the 
substance carrying unit charge of electricity goes into 
solution. Then the relation T(£PE/dT®) = —dqjdT should 
be obeyed. Incinded in the quantity q is the energy of 
demagnetization, and thus %/dT must contain the corre¬ 
sponding rate of change. According to Weiss this is 
directly proportional to dP/dT. Consequently, on this 
theory, T(d^%dT^) should exhibit a maximum at the tern* 
perature at whicn the value of dP/dT is a inaxinmm. 
Naturally, this assumes that no complicated chemical 
changes obscure the maximum. The above curves show 
that a maximum value of T(d*E/dT*) occurs Just about 
42° C. In the experiments on specific heat the tnaximuiti 
value of the specific heat was found at 42*2° C., whilst 
dP/dT was a maximum at 41*5° C. Since the substance 
was investigated in the form of a powder, it was conceivable 
that a lag in the apparatus used for the determination of the 
specific heat, or poor thermal conductivitj** of the substance, 
was responsible for the difference between the experimental 
and the theoretical temperatures of the maximum specific 
heat. The present results appear to indicate that the 
difference is a real one. It may be mentioned Imre that 
the experiments of Sueksmith and Potter^ show that the 
specific heat may behave in a very different manner from 
tnat predicted by the Weiss theory. Their experiments 
were made at high temperatures, and experimental diffi** 
culties prevented them from finding whether the maximum 

♦ &Po^iProe« Boy. 8oe. exii f. 167 (10M> 
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value of dl^l<r£ actually coincided with that of the maxi¬ 
mum value of the specific heat in their experiments. It has 
been suggested * that the atoms of ferromagnetic metals are 
associated in definite groups containing ions of different 
valencies which possess the same magnetic moments as 
the ions in solid salts and paramagnetic solutions^ although 
it now appears very doubtful f that the magnetic carriers 
in paramagnetic solutions are simple ions. We can only 
say that the above results do not oppose this suggestion. 
On the theory of ferromagnetism recently put forward by 
Honda | the loss of ferromagnetism would result from a 
re-orientation of the nuclei of the manganese and arsenic 
atoms in such a way that the resultant angular momentum 
of the group of atoms was no longer negligibly small. 
Presumably the energy supplied with rise in temperature 
would cause tiestruclion or modification of the group so that 
the individual nuclei would be free to rotate, and the 
resultant angular momentum of the group would be too 
large to permit it to be orientated by an external magnetic 
field. Thus on Honda’s theory the rate of change ot the 
intensity of magnetization should correspond with the rate of 
supply of beat with rise in temperature; and this is what 
was shown in the previous ex{:«riinents. However, it 
appears that the Honda theory would require the absence 
of the gyromagnetic phenomena which have been firmly 
established by the experiments of a large number of workers. 


Summary. 

Experiments are described which show the behaviour of ' 
the {K>tential difference between a ferromagnetic substance, 
consisting of equal parts of manganese and arsenic, and a 
solution containing a manganese ion. Pronounced changes 
occur as the substance passes through Its magnetic critical 
temperature. 

It gives me much pleasure to acknowledge the kind 
interest with which Professor A. W. Porter, F.R.S., followed 
the coarse of this work. 

* Stoner, Proc. Leeds Phil. Sac., Jaa. 11^6. 
t Joos, AmuUen der Phys. Ixxzv. p. 641 (19^). 
t Honda, Zeii./ur- Axil p. 691 (19^). 
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LVI. Mdiicei respecting New Bncks, 

Crefnmii Transfoi*niaiiofis, By Hima P, HcrusoK^ So*D« ((^m* 
bridge University Press. Price 42s. nel.) 

^ rHIB wlame giv^ a conoeeted and eoaipi^hensive a^cntof 
^ Cremona transformations in plane and space, \ritli their 
applications to problems in higher geometry, esp^ally to the 
resolution of singular points of curv^ and surface and the study 
of contact theories. Miss Hudson’s r^arefaes, on both plane and 
space transformations, extend over a number of yeans, and her 
contributions to this branch of mathematics are well known. 
The bibliography shows in some measure the w^th of material 
lai^y incorporated in this work. Beference is made to Coble's 
report on Cremona transformations, and applications to algebra, 
geometry, and modular functions. All the importont results of 
modern investigators are here collected and classified, and in this 
way valuable service has been rendered to workers in this special 
branch of geometry. An interesting chapter is devoted to the 
history and litemture of the subject and attention drawn to 
problems which await solution. This volume is a worthy 
companion of the mathematical tr^tises already published by the 
University Press. 


Theory of Vibrating Systems and Sound. By Ievik© B. Cbakuall, 
Ph.D. (Macmillan & Co., St. Martin’s St., London. Price 
20x. net.) 

Dr. CEAKDALn’s book is largely based upon the lectures given by 
him at the Massachusetts Institute of Technology, and presents, 
in the main, a mathematical treatment of the subject of Sound. 
Bessel functions of various kinds, with iml, imaginary, and 
complex arguments, are in evidence in the study of vibrations of 
drenlar membranes, cylindrical tubes, vibrating strings, and the 
resistance coefficients for conduits. The chapter on iwiation and 
tr^ansmission problems deals with the end corrections for a tube 
and the study of conical and exponential horns. The investigations 
of P. E. and W. B. Sabine in Archit^tural Acoustics are largely 
incmi^ponded in the final chapter. Problems on the subject 
matter a^ given at the end of the chapters. 

To' those interested in acoustic research, the appendix giving 
the recent developments, both experimental and ^chnical, will 
be helpful. Beference is made to original papers contributed 
daring the last four or five years and include such diverse subjects 
as telephone, resonators, and transmitters, and the numerous 
devices introduced during the war for submarine signalling, sound* 
ranging, and direction-finding* 
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JFheAeous^es of BuiUwgs. By A. H. Datis, D.8c., and G. W. C 
KAra, D-Sc. (George Bell & Sons, Fork House, Poitugal St 
London. Price 15s. net.) 6“ “ 

This volume on the behsviour of sound in buildings deals with 
the technical iwpect of the subject. Tl.e introductory chapter 
on the production and measurement of sound is devoted to the 
analy sis of sounds and the characteristics of speech, and describes 
some of the modem instruments for the measurement of sound 
mtensitj—-Eayleighs disk, the hot-wire microphone of W. S 
1 ticker, and the electrostatic microphone of Wente. The praeticai 
applications of acoustic theory are considered under various 
he^uigs; the reflecting characteristics of boundaries and the 
method adopted m ti.eir study-some excellent photographs 
!lwf the sound-pulwand ripple-tank methods ; reverberation, 
with the methods for the measurement of absorption coefficients 
aiid the correctness of defects due to echoes and reverberation. 

le ras^rches of . C, Sabine and his successors in the Jefferaon 
Physical Laboratory, and, within the last ten years, in the Sabine 
^boratory. Genera, Illinois, and those of F. B Watson 
luvesti^ted in the National Physical Lab<»atory, are r;viewed in 
• le see ion on the measurement of sound transmission. An 
interesting chapter on special types of auditorium traces the 
development of mo^m practice from the open-air theatre, Greek 
and ^iMn, and dwcusses the acoustic properties of buildings 
»»d America. By bringing together many of 
the most recent rraulte of applied acoustics, the authors have 
placed workers m this field under a considerable obligation. 

Fou^atiom of EMlidMn Qametry. By H. G. Fobobb, B.A, 
(Cambridge University Press. Price 25s. net.) 

£liS®^’‘“** accomplished the task of erecting 

Auchdean G^metry on a sound yet narrow basis and has provided 
^ “rigorous “ account of modern investigations, 
of or 1 a references to nou-Eudidean geometries. Axioms 



fchd - poiYgom ma poiyhedra, 

chapters^m Tf polyhedra. The last two 

axioms (“La Geometria 
with thl^i i discussion of the angle-sum of a triangle, 

non-Euclidean arias. Eeferences Le 
whici Ills r >nto ‘he foundations of Geomef rv 

work of Wowi given by the author, in particular the 

symbols amf Veblen. The book closes with useful lists of 
ShtlvculsJ^’r* congruence, etc. The author 

a general imnrot * careful study of the volume should result in 
a general improvement of Geometrical teaching. 
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NUicet iVine Boekt, 

IVaetkal rhysia. By T. 6. Bsdtobd, M.A. (Loiigrasiuit 
Green & Co., 39 Fftteraoster Bow, London, Price 1^. M. net.) 

Mb. Bbdtobd’s wide and varied experience as Demonstrator in 
the Cavendish Lidmratory has been drawn upon in the compilation 
of this ezcsUeot text-book of practical physics—a modern 
*‘Glaxebrook and Shaw.” The large number of experiments 
dMcribed cover the elementary portions of the subject, properties 
of matter, heat, light, sonnd, magnerism, and electridty; many 
of the experiments require only the simplest kind of apparatus, 
but even with this slender equipment a considerable degree of 
accuracy can he obtained. Other experiments of a romm advanced 
character g^ven in the additional exercises at the end of each 
chapter are intended for those who have completed the preliminary 
imnree. Stndents who have martered the b^k will be well fitted 
to ondettake the experimenbd work in elastidty, optics, etc. in 
Dr. Searle's wdl-known volumes. 


Bteiifien md Vedvt$. By Prof. A. OOKTHKncHnua. 

Translated by N. A. »b BaurirB, B.A. (C^proan & Hall, 

11 Henrietta St., London. Price 15s. net.) 

Mr. n* Bbctbb's book is both a traiisljd:bn and revision of 
Prof Gimthenchulxe’s “Elektrische Gleichricbter uud Ventile.” 
The first part of the book, the physical theory section, sets out 
the prineip}^ of valve-action and brinfts under review the 
introdnctory study of atomic structure, eledaic conduction in 
gaami, electrmi pr^nctioo (photo ^ectric, theraionic, and glow), 
awe and spark discharges, and electrolytic rectifiers. The second 
|MWt, technical asction, opens with a chapter on the mathematical 
tbmny of valves, giving in particular the equations for varimis 
anangements of valve ©reuits. Mechanic^ and electrolytic 
reerifibrs are briefly ndieed, followed by an account of the 
Webnelt r©;tificrand the different types of mercury arc rectifiers. 
A table is given showing the nseful ranges of di^rent kinds 
of rectifiers. The publishers Iwve rendered good sexviee by 
adding this volume to their series of technical manmds. 
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Diffusion. 

rpHlS paper describee a method by means of which the 
* isotopes of niercnry may be rartialir senaMtiul k 
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• Communicated by the Author*. 
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Tho first work which was definitely shown to have given 
a separation of isotopes, that is. a change of the uloinio 
weight of the element, is that of Harkin.x and Broeker *. 
They obtained an inciease (AM) of OOW nnit in the 
atomic weight of chlorine, in Jannury 1020, by the diffu¬ 
sion of hydrogen-chloride gas tlirougfi the walls of porons 
churchwarden pipe-stems at atinosph«‘ric pressure in the 
apparatus shown in fig. 1. Tlie cut (C) was 8000, that is, 
the first of the final heavy fractions produced coniained 
1/8000 as niucdi hydrogeh chloride as was used for the 
initial diffn-ion. The proceiiure is shown diagraininatioally 
in fig. 2. The materials used for the work were extremely 
pure hydrochloric and sulphuric acids, and sodium bicTir- 
bonate, and purifications were made both before and after 
the final diffusion. Five determinations of the change of 
atomic weight, made by an accurate metho«l and arranged 
in the ortler of the determination, gsive values (AM) of 
0-052, 0-059, 0-057, 0 55, and 0 53 nnit. Since inter¬ 
mediate purifications were made, and the hydrogen chloride 
was proved to be free from iodine and bromine, the fact 
that there is no general trend in one direction in the values 
shows that this was actually a separation of isotopes. Tho 
increase of atomic weight, fiased on the ordinary theory of 
diffusion, should have bwn 0-089, so the efficiency wa.s 
<62 per cent. 

Another separation begun even earlier, but complet^ 
later t, gave, with the same ent, an increase of atomic 
weight of 0 04.3 unit, or an efficiency of 48 per cent., » hile 
a separation of the Hgbt fraction + gave a decrease of 0 039 
nnit, with a mean efficiency of tU» jwr cent. These were 
both carried out by the use of churchwarden pi|H*-slems of 
the same general character as tho.se nsed by Harkins and 
Broeker, and the general method U'-tw! was the same. 

An increase in the dianteter of the mrres of tho pipe-stems 
decreases the efficiency. For exarni>le, in the ser-ond sepa¬ 
ration of the isotopes "of chlorine § a cut of 12,000 gave an 
increase of atomic weight of 0-(t40 unit, with an efficiency 
of 36 per cent. The diffnsioii.s were carried out with great 
care, but it was found that the pores in the walls of the 
porcelain tubes, which were prep>ared specially for the work 
by the Bnreau of Standard.*, had larger diameters, as 

• ‘PhvmMl Eoview,' xv, «, 74 (Feb. 3ft20); ‘Science,’ li. p, Wi 
<1920)} ‘ Natare,’ cv. p. 230 (l^). 

+ HatMns & Lifgott, J, Pbys. Chem. xxviii. p, 74 (1924). 

1 Harkins A Jenkiiw, J. Am. Ohmn. Soc. xlviU. p. 58 (1926). 

$ Darkias & Hayes, J. .4m. Cbem. See. xltii. p. 1083 (1921). 



Bg.l 


603 


Separation o* leoUque hy Evaporative-^DiJvnon, 



2R2 






®)t Dri. W. D. Harkios and B. Mortimer on tie 


Fir 2. 



Tiieoretiail increue of the stmnic weight fx-«xi*) of ehiorine with the 
cat (jHizis). The cut is the weight of the cbtorioe diffused! divided 
^ the weight of chlorine in the heerc fnctios or undtffuaed residue, 
'fte iminber of the operetion i» plott^ on » shims, so the lines repre^ 
aented by tlashes, such as H,”, H,". H, '. we suppised to lie slmMit 
reiticully dwre the line 0, H,, H». Hj with the .v, v plane boritontol. 
This line is slightly curved, though it appears tf. be straight. The 
toigtiuti sample (0) is diffused with a cut of 20- T3je residue is 
r^aosented at Ht, while the diffusate is not shown, since it is 
treated in such a way as to give cuts of 2. The sample H, is now 
diffused, with a cut of 30 to mve while the remaining 19/30 jmes 
to H,'. The sample H, is diffused, 1/30 going to H,. and 19/30 to 
H,'. Thus H,' contains the %ht fraction from H,. but it co^talmi 
Ae heavy fnudion from H,’, «nce tbwe are wactkallv identical in 
atomic weight. As a resnlt of the fact that H,' contains two united 
fractioBS, it is much heavier than H,. For the r^jun that fi ' 
comes from H,', which is heavier, and H, from H*. which is ligbtm, 
the sample H’ has 1*9 times the weight of H. Ihe combined Imwvt 
fractions, H,. H/, H,", H,'", contain 9 times the material of ff, 
alone, yet their average atomic weight is oalv stightlv leas. The 
cut of 8000 referred to in the ppsr i* that of the heavieat fnctton 
H„ while the atomic weights listed are titoae of the combined heavy 
fractions. Thu# the greatest increase of atonafae weight attoinel 
(for Hi) is slightly higher than that reported in the papw. The cut 
for Hi"', for example, is riven by the lutersection of the dotted line 
from Hi'" and the line OH, that is, the point is the vertical pro'tec* 
tion of Hi"’ ob the or, y plane. 
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revealed bj microphotograpbs, than th<M)e of the obarcb- 
wardeo pipe-stems. 

Wilb pores o£ a given diameter the efficiency, with refer¬ 
ence to tbe change of atomic weight product by a given 
cnt, increases as tbe pressure decreases. Tbns at low 
prossares tbe efficiency increased to from 90 to 98 per cent.*, 
with diffasion walls of chnrchwarden pipe-stems. 

It has been shown f that the valne of a separation varies 
as tbe cnbe of the change of atomic weight attained. If 


Fig. 3. 

A 



ApfMnitiiA for tbe sepamdoa of mercttiy into isotopes by Tap<n^tion 
«t tow B, beairy reeiduo; £, light c<HMiensM«; A, tuer- 

euiT-«e«ed joint for connexien to tacniiiB.paiup; F, Dewar jacket 
for iudding ice vied for eo<ding. 

both hmvy and light fractions are involved, then tbe vatne v 
varies as the snsu of the enb^ of AM. For example, seven 
months after Harkins and Broeker had attained an inotease 
of 0*055 in the atomic weight of chlorine, Broensted and 

« Huddni & Mmib, im^!diali«d work comslNed m 1992. 
t llallikea A Haridw , J. Am. t^em. 6oe. xltr. p. (199^ } 
< Stiaiee,'lir. p. 3I» (1931). 
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Hevesy obtained a minute increase o£ 0*006 unit and a 
decrease of 0*004 unit iti the atomic weight of mercury. 
It is evident that this later separation had only about 1/600 
the value of tiliat secured earlier by Harkins and Broeker. 
Since Broensted and Hevesy ♦ gave no evidence that their 
mercury was pure, Mnlliken and Harkins t evaporated 
mercury (fig. 3) at low pressures and condensed it by 
cooling with ice and water. This gave a separation of 0*027 
unit and an efficiency of separation which was found to be 
^ per cent, with one type of apparatus, and proved to be 5 per 


Fig. 4. 



Apparatus, Kouilar to that of fi^. 3, for the experiiseiital determioatiotk 
of the coefficient of separation (B) of mercury into isotopes. The 
dietimce from the upper surface of the mercury to the upper con- 
drarang surface D is kept small. This surface is coded by liquid 
am or solid carbon dioxide held by the Dewar jacket B. The value 
of B was found to be (M)O0O. 

cant, higher than that of Broensted and Hevesy. Thus the 
efficiencies proved to be of the same order of magnitude with 
ice water and with liquid air as cooling agents. 

What was assumed to he an efficiency 100 per cent, was 
obtained by the use of a special evaporator, with the 

• Broensted & Hevesv, ‘ Nature,’ cvi. p. 144 (1930). 
t Zoc. eU. 
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evaporating and condensing surfaces close together, as given 
in fig. 4. The cooling wag produced by solid carbon dioxide 
and toluene. 

Table J. gives the change of atomic weight (AM) obtained 
in four later separations of mercury into isotopes, and 
includes the results obtained in the work of the present 
paper. 

Table I. 

Later Separations of the Isotopes of Mercury, with their 
Relative Values. 


Bfoensted and ffevesy * 

-fM. 

0-0^ 

-M. 

0063 

V4-. 

0-2C.C. 

0*2 c,c. 

Talii#. 

1*00 

Harkias and Madorsky f ... 

o*oa*i 

otm 

0*28 

032 

1*40 

Mulliken J . 

omM: 

01)512 

22*00 

22*00 

121*00 

JB^rktns md Mortimer 

O'C©02 

0C931 

7*50 

8*00 

276*00 


^ The valm of the separation as given in the last column 
gives an estimate of the reladve time necessary to produce 
the change of atomic weight obtained and the amount of 
material secured in the extreme fractions, that is, those which 
differ most in atomic weight. The relative value of the 
separations secured by Mulliken and by Harkins and 
Mortimer would be even higher if account were taken of 
the valties of the intermediate fractions. 

That large end fractions have a much greater value than 
those which are small may be illustrated as follows. The 
total separation obtained in the work described in this paper 
is 0*189 unit of atomic weight. However, the h^viest and 
lightest fractions contain about 100 grams each. By the 
use of a small unit of the geneml type described later, 
the atomic weight of the heaviest fraction could be increased 
by 0‘022 unit in h^ss than an hour, and by a few hours^ work 
that of the light fraction could Im decreased as much, so that 
in less than a day the total separation could easily be in¬ 
creased to 0*23 unit, and from the other heavy fracuons 
this could in a few days be increased to more than 0"25 unit. 
This involves only the reduction of the volume of the end 
samples to about 0*2 c.c. That is, in the work of Broensted 
and Hevesy, and that of Harkins and Madorsky, the totel 
separation attained would have been only about 0*05 unit of 
aiotnic weight if they had kept the samples as large as in 

a Broensted k Hevesy, Phil. Mag, xiiii. p. 81 (1922), 
t Harkins & Madorsky, J. Ain. Chem. Soc. xlv p. ^1 (19^k 
X Mulliken, ibid. p. Lm 
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the present work. ‘ Their aim was to crowd all of the ydine 
in terms of change of atomic weight alane into the final 
fractions, which means that the work eonld not eontinned 
farther in a systematic way ; while in the present work the 
purpose has been to leave as uniforni a set of fractions as 
possible over the whole interval, so that the progress of u 
later much greater separation may be continued without 
interruption. 

The separation coefficient of zinc is about three and a half 
times that for mercury, so it would that it would pore 
a more satisfactory element to use if a rapid separation is 
desired. The attempts to separate the element into isotopic 
fractions have, however, given less favourable results. Thus 
Hgerton and Lee* obtained values of AM=s:0’017 and 
—AM5=0*018, while Harkins and Buckner f were able to 
increase the atomic weight by only 0*027 unit. 

II. Apparatus for the Rapiu Separation of Mercury 
INTO Isotopic Fractions. 

In the attempt to obtain ah apparatus which would separate 
isotopic fractions of mercury very much more rapidly than 
in earlier work, Harkins and Madorsky developed the steel 
apparatus shown in fig. 5. The annular trough which holds 
the mercury is heated by a coil of nichrome wire, upon which 
it rests. Fig. 6 shows a similar, larger, apparatus in which 
the heating is secured by a coil of wire sheathed with steel, 
which lies at the bottom of the mercury. By the use of the 
smaller unit the separation of 0‘1 unit at atomic weight, 
already mentioned, was obtained. The large unit was used 
only enough to prove that it gives a high efficiency with 
large amounts of mercury. In this apparatns a speed of 
evaporation of about 100 c.c. (more than 1 kg.) per hour 
giv^es an efficiency of 90 per cent, or more in the separation 
of isotopic fractions, if the pressure is kept l>etween 0*001 
end 0*0001 mm. of mercury. 

The light fmetion of the mercury^ may* be allowed to flow 
constant stream from the lower end of the glass tube at 
th0 bottom of the appamtus. This tube is bent at the bottom 
in Web a wajr that it retains a column of mercury of baro¬ 
metric height, even if the stop-cook is kept open. This bend 
is n^t shown in the diagram. The mercury which flows from 
this^tttbe is alway's about 0*004 unit of atomic weight lighter 

^ ^ Lee, Froc. Boy. Soc. eiii. A, p. 41^ <1928). 

t ft Bactoer, UnimUislied work, hefua in 1921 asd com¬ 
pleted ^ 1^. * 
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^an that prewnt at the time in the trough. To prevent too 
^p^iy^’ ” made from a moderately narrovr 





vacuum appamtus fov the aepamtioa of mercury into isotopes by 
vaporization at low pressures. B and C, parts of steel app^^s"- 
mercury seal for vacuum; A, brass cylinder for ice and salt* 
annular ^eel trough of BM) c.c, capacity and ^ sq. cm. area of 
merci^’ swace; E, watcb-glass with hole in centre for catching* 
nght fraction from Inside eaves of condensing roof It ilie mercury 
hows eonst^tly into O, which ends below in a capillary tube of 
barometric height This is bent at the bottom in such a wav that 
mereury remmns m the capillary with the stop-cock open/ The 
heating coil b is direcdj underneath the trough I). In the new^ 
tuodeis tim plati^m wires i i enter through insulating plugs through 
the steel base. The trough 1) is sup|>orted by gla^ rods f. When 
in o^mtion the spiralp requires almost no attention, except for 
emptying the hght fractimi from the graduated cvlinder in which 
It m collected about every half hour, and illmg the eyUnder 
ice every two hours. The Tacuum should be kept at about 
O*0TOI mm. of mercury. The apparatus has a small conical mot 
tnot shown; at B which is used when it is desired to work with 
much smaller amounts of mercury. In this case a small circular 
trough is set on an independent heating unit in the centre of the 
apparatus, and the larger annular trough D is not used* 
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After this steel apparatus, with “p7t“i7alS 

fr^pis 

Fig. 6. 



Srih 'S: ^ d eapSed i. abo »«eh l«ger. 


of the liquid, which acts as a membrane with pores of 

into the gaseous phase abore. If an efficiency 
of 100 V cent, is to be attained, no atoms of 
mercury can he allowed to pass from the gaseous phase into 

Urn p«Sr« U that ^ caanderabU ’ "^7. 

j.ifn i/tfnfi area of surfocf ** (Atatned^ wntlt w ^u«ow» 
tinn tkrmah a meml>rane a $matt amount of matenal nw 
V are,.M inau.«.jr^> tj* 

^raliJ. Th. f«m.r mathoi 1». «» 
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additional disadvatitage that a lower preaanre is neeessarr 
for the same efficiency. 

Combined Diffusion through a Membrane and Vaporization 
at Low Pressure, 

In 1921 one of the writers (Harkins) constructed an 
apparatus which was intended to combine the separation of 
isotopic fractions by vaporization at low pressure with a 


Fig. 7. 



for i^e sefpaMon of tiie isotope of memiry bj a combinedl 
evaporatire-diifuaion imm the surface of mercury in the ilask) and 
difiasion through a menilntme of hlter-paper. At B and A glass 
springs are sealed, and these lead into capillai^ tubes of barometric 
height 6 lied with mereurj. The complete unit is about 10 ft. high. 
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processes might 

rtl «P«~««n. Mercury vapour fr5m 

* with a wide yertical neck was passed upward into a 
verfa^ tube of Mrous jwrcelain. The latter wm surrounded 

water^Ji^oiJ**^*/^“*’8 of which cold 
water ^ caused to flow rapidly. The mercury condensed 

certain wall was found to possess 

with respect to its use as a membrane. 
^ eonsidemWe thidmess madeAe passage of the vaXr 
^mparabvdy slow It was found, tooVthat if the porceCn 

grouty condoned n^r the outer surface, and this stopped 
M» pa^ge of the vapour. ewppea 

^ extremely thin and have 

ramuuiU ^ fil* P®*^‘ membrane tbund in these 

r^^te 18 filter.p^r (IRfbatman paper No. 5 was used), 

fa^^t’ thf’ “I®” lu®? *^® disadvantage that it 
M^t dwaWe. Nevertheless, six units with filtor.paper 

Sill ® * Mulliken*, who in a few weeL of 

obtained light and heavy fractions of 
f difference of atomic 
short a«Lf^^^ i«’'g® separation for so 

much more convenient 
r®-® ®^“®** ‘dentical with, those used by 
Mulhken. The only imjmrtant change was the substitution 
of a lower ground-glass joint (fig. 7) for a glass seal. Tliis, 

**■ ""“■''"'’er in . 

bvtiremLT’**’ M T “ *®’' ®'*d heated 

were used. An asbestos- 
hned, well.ventilatod iron hood, with a two-piece removable 
te^, was fitted around each flask, in order to secure the 
un^orimty of hating essential to keep the efficiency of the 
process constant. ' 

III. Tmeobt ok the Sepabatiok of Isotopes by 
Diffosiox. 

<r«fr ®®”®P*®“ with his work on the separation of the rare 
gases of the atmosphere, f,ord Rayleigh f developed equa- 
tions for the increase of density of the heavy fraction or 
residue, these equations were put into a much simpler 

• R. S, Milken, J Am. Cliem, .Soc. xlv. p im (1M8). 
t Rsyleq^fa, Phil. Mag. if,) xlii. p. 4»8 (181^. 
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£orm by Mnlliken and HarkinR *, who also developed rela¬ 
tions for the change o£ density of the diifnsate, that is, of 
the light fraction. Their general equation is 

(1—i) logC = k (log(«i)o—iog»i) —log («»)o+Iog*i. ri) 


A simpler eqnation, 


gives a good approximation. Here i; 


c 



f in which 


c is commonly assumed to be equal to 2, and as, are tha 
mol fractions of the isotopes present, and M is the mean 
molecular weight. The increase of molecular wdght for a 
certain cut varies as the square of the difference of the two 
molecular weights, and inversely as the mean molecular 
weight. A more accurate coefficient is designated as B,. 


or 

AM*BlnC.(3) 


For a identical operations the change of atomic weight 
of the diffusate (light fraction) is 

AM = —B^l—BHIn0^)ln0^, . . f4> 


in which 


and 


““ ar, + ib-. 

... (5) 

TJ ^l****^! 

. . . (6) 


The progress of a separation of isotopes up to a cut of 16 
is shown in fig. 8. Equation (3) bolds for any number of 
isotopes, but it is obvious that the expression for B is much 
more complicated than that given in equation (5). Fig. 9 
shows the change of relative density of a number of isotopic 
materials as the cot progresses up to ten billion. 

The above equation (3) shows the dependence of the 
atomic weight change on the separaidon coefficient B. In 
all known cases the coefficient B is small, which necessitates 
very rapid and systematically repeated operations if a Is^e 
separation is to be ohtalnM in a rrasonable time. The 
efficiency of each individual operation is important, and is 

• Loe, cftJ. 




Fig. 8. 

FrQCitOri at tr, OitTuSOies 



Om&mlhed plot sltowing alojulo or moieeiil&r woi^rht of fmetioits oh* 
taioed auriog a ICMl-per-eeat* affidont dilfiimoii or irrevemble 
eraporstion of a mixture of iaoUipes. The ordliiatet are expr^^ed 
m terms of the ^‘sepamtkus coefficient'’ B as a unit; this has a 
different numerical value (usually about 0f)03 to for each 
dement* 'Hie value of B changes slightly with M. The symbol C 
stan^ for the ^cut” or rMi& of quantity of matemf in ^e 
at any time to the mUml quantity*; fur iwiy al^ii^ on 
1^0 lower scale, the cut ^ is merely the reciprocal quantity* The 
^^instan^neouB diffusate’* carve gives at ariv point the couipc^tticm 
of the mateml which is at ajtry instaivt diffusing or evaporating frrm 
rcildfial material corresponding to the same absdf^. Note that 
this curve h«*is exactly the same form ns the residue curve, and 
differs only in an upward displacenieut of the ordinate by B units* 
Each point on the ** total diffusattj” cune gives the avenipe com¬ 
position of the material which has diffu«*cd or evaporated from the 
Wginning up to that point. The vaiioiis dotted curves give 
the composition of/rocfiWis of the total diffimte be^nntng at 
various points after the beginning of the operaHm. Illbe meaninf 
of the total ditfusate curves can be made els^rer by a fe^ 
examples. JTtiiw, Point 1 gives the coinpo?»ition dmuseff^ 



curve, the total diffusate curves show bow the ori^nal mate%^^ 
he divided efficiently into isotopic fractions. For exam]| 
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curves show that the diffusate might he eoliected in fractions 
as follows; 0-25 wt emit., M=-0‘865B; 25-50 |>er cent., 
0*462B; 50-7o per cent., MskO. If the operation were 
stop^d here, the residue would have the atomic or molecular 
weight M+1-S86B, if M is the original atomic or molecular 
weij^ht. The initial value of B is 0*00^ for mercury, 0i)096 for 
hydrogen chloride, 0-0049 fmr cMorine, about 0 002 for potassium, 
and 0*02 for zinc. 

secured in the present apparatus by combining in successive 
steps two different methods of separation. The superposition 
of an efficient molecular diffusion on an inefficient evapora¬ 
tion accomplishes the effect of increased efficiency. 


hlg. 9. 



Itelaiivc increase of d^nmty — with the li^arithiii of the cut. 

The increiMe of mokculu -weAght is equal to — 

In my single Uiffosion the residae is enriched in the 
heavier isotopes, and the diffusate is enriched in the lighter 
isotopes. For the instantaneous ” diffnsate the change in 
atomic weight (fig. 8) possible in this one operation is 
AMsb —B. OnvioQsly, then, since B is small, large 
decreatti o£ atomic weight can be secured only by repeated 
aerations by subjecting the diffusate to many diffusions. 
With tile residae on the other hand, lar|;e inenaatt can be 
secured in a single operation by starting with sufficient 
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material and to\hJ^rLid^irAil*B'lnX 

the equation ‘ O Z cni For an ex¬ 
in which AM depends intermediate 

tended separatien, ^ sy^stematio fractionation 

"”'^i^.SXSS3’,= 

_AM = + AM - EB ta 2 =• M93 BB, 

•I wiiul OTita>n«d l*5imlj' 

greasy «<>!”!«* “ 

the present apparatus. 

IV Ststematic Fbactionation. 

to to di™.™ ot -r' 

of fractions, all o _ , initial composition M®. 

am intervals on both sidw of the mitiaj^ co^^gi^^ 

Ihe simplest proc^uret ^ fraction of size 2Qo 

vidnal "g divided into two fractions of size Qo 

and composition ^ i 2 A study of the fractionation 

and composition M ±Ej 3 1 • ^ . j fractions 

^rocedurVsbo^ 1 Sml of J additional unit 

Lve already W duce the nth pair of 

operations will ^ usine up or increasing in 

-Sd..r th. «« -W th. inventor, ot 

the fractions of !* ** Hl**H2, H3 ; each of size Q®. 

U, L2, *«f® ^S/Wlowing designates the light 

. Brf». A. «i.™e 'SrSJSiTffv wSdt 1~ S 

effieton? ««• Ae* ™... nerf for ^ 

«x parts per rndhoii. ^^pnUrlv twentv part* per Bullion tr^ men 
(fece the firactioM whoever1 unit» emptied end 

other. The SSa tbe unit *0 that little mew^ 

thesBiMdiseBSMon. 
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lieary Iraotioos ; ^ns Ll bas been prodnced by one dilFti- 
sion by a cat of two on ordinary mercury, and 112 bas b^n 
prodnced from ordinary mercary by two cats of two. It is 
desired to produce L4 and H4, and tbe theory indicates that 

or 4* additional unit operations will be necessary witbout 
permanently using up any of tbe previously-produced 
Fractions. 

The first step is to start with a volume of ordinary mercury 
of size 2Qo and diffuse half of it at some previously deter¬ 
mined rate so that the diffusate will have the composition 
Ll and the residue the composition HI. At this point 
the HI is added, and the diffusion is continued. After a 
cut of two htw been made on this mercury, tbe diffumte is 
ordinary mercary and the residue is H2. To this the H2 
is added, and the process repeated. The diffusate is now 
Hi and the residue is H.?. With the addition of the Hfi 
and the final diffusion, the diffusate has the composition 
H2 and the residue has tbe composition H4, provided none 
of the previously-mentioned causes of low efficiency w^ 
operative. Ihese four operations have produced the H4, but 
have used up the H3. 

The same procedure is carried out with tiie light mercury, 
with this difference : between each diffusimi tibe unit must be 
emptied and refilled, thus consuming at least 50 per cent, 
more time to carry out the same number of operations. 
Since the Ll was produced at the same time as the Hi, only 
three operations are necessary to produce the L4. By these 
seven distinct diffusions we have produced L4 and Il4, but 
have used up and H3, so that the inventory would be; 

Ij 4...LS, Ll, zero. Hi, H2, 

Applying the same r^soning to the production of L3 and 
H3 snows that five distinct diffusions are necessarv'; to 
supply the L2 and H2 used up in this last process, only three 
diffusions are required; and, lastly, an additional diffusion 
replaces the Ll and Hi used to produce L2 and H2. Ihe 
inventory would now be: 

L4, L3, L2, Ll, zero, Hi, H2, H3, H4 ; 

and the total number of operations required to produce the 
L4 and H4 without using up any of the intermediate frac¬ 
tions is 7-4*5 + 3 + 1»16, or 4* as the theory indicated. 
The total volnme of mercury diffused in producing this nth 
pair of fractions is QsQox 2\ Thus, if Qo is 50 c.c., as in 
this case, Q equals 800 c.c. 

PAtL Mag. S. 7. Vol. 6. Ko. 37. Oet. 1928. 2 S 
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The corresponding time expended in producing the ^ 
pair is evidently 

.(I.) 

where D is the rate o£ prodnction o£ the light fraction. 
Kovr 

AM=±«EBln2, . . . . . (11.) 

so that 

f Qo ■■ (III) 

tHie time repaired to produce a pair of extreme fractions is 
thus proportional to the equate of the difference between its 
composition and that of the original raw material, and 
inuersely proportional to the squares of the efficiency and of 
the separation coefficient. Since, in the production of ex¬ 
treme fractions, intermediate fractions of some minitnuni 
size must be maintained, the time of production of any 
extreme fraction should be taken to include the total lime of 
prodnction of all intermediate fractions. 

t ... +/,« (l» + r + 3»... +«’)Qo/D 

or 

n{n + l)(2» + l Qo 


t 


6 


D 


1 


This equation can be nsed to calculate the operating time * 
required to obtain any given fraction of com(K>sition-AM, if 
the corresponding value of n is calculated from equation (11.). 
The aetrud working time required will be about three times 
this, because of the considerable time needed for repair smd 
replacement of units, of loss of time when the units are not 
in oj>eration together, of time required in starting and 
stopping the apparatus and in emptying and rehlling units, 
and because of low efficiency when the air-pressure suddenly 
increases, thus changing the diffusion rate. 

For nssl, t h:is the value for n^5., t has the 

value 0*44n®Qo/D; for m= 10, < = 0*385 and for 

n=:co, <=n*Q-./D. Approximately, then, t is proportional 
to n*, except for the smallest values of n. We had above, 
AM=inEBln2 (equation (II.)}, giving for < 

K(AM)»Qo 

DE»B». 


t — ■ 


* Actually, it is much simpler to calculate the time by dividina the 
total Ttdume which most be diifused by D, and then making the mIow- 
aaoes suggest^. 
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Equation (Y.) shows the rapidly mounting diffictilty of 
increasing AM, even by systematic fractionation ; it shows 
the great effect of the value of B, the separation coefficient, 
on the possibility of obtaining a large difference in atomic 
weight in a moderate time; also B varies with AM, and 
there is a slight progressive decrease in the separation as it 
approaches completion. This shows the importance of using 
a method and apparatus which can deal with small inter¬ 
mediate fractions (Qo), yet operate at high speed (D), 
Also, for a given AM/B, < is a tmnimum if DE®/Qo i* « 
masdmum. 


V. Actual Fuactiokatiok Sghbhe ekploteb *. 

Because the systematic fracUonutiion scheme on a ent of 2 
had not yet been pnt into effective operation when this 
research was undertaken, <»nsiderable time was consumed 
in getting the fractions regularly spaced, once the efficiencies 
for various rates had been determined. The change in com¬ 
position for diffnsate and residue for a cut of two was 
determined for rates of 30 c.c. per hour, 40 c.e., 50 c.c., 
60 c.c., and 70 c.c. per hour. At 30 c.c. per hour the rate of 
production of the light fraction is much too slow; at 70 c.c. 
f»er hour the life of the membrane is considerably shortened, 
offsetting the increased rate of production f. The practical 
compromise in this case was a rate of diffusion of 50 cc. 
(6^0 g.) per unit per hour on a entof 2, in which the change 
in atomic weight between diffusate and residue is O'OOS unit; 
that is, the diffusate is 0'004 unit lighter and the residue is 
0 004 Jinit heavier than the original material. Substitution 
of this value in the equation AM = 0*693 EB gives an 
efficiency of 92 per cent. This method of systematic frac¬ 
tionation requires a minimum number of fractions, and 
eliminates entirely calculations of composition. 

A set of sixteen heavy fractions differing from mch other 
by 0*004 unit of atomic weight, and a set of fifteen light 
fractions the same interval apart, were secured after much 

* The mercury produced by MuQihea, total diffemuee of atomie 
weight equal to 0*102 unit, was used in this work. The writers had 
cooperated in its production. The separation already atteiaed eorre- 
spmided to 12 heavy and 11 light fractions. This was increase to 
26 light and 25 heavy fractions. However, many rf the original 28 
fractions had been used up, so much work was done in getting a complete 
get of these initial fractions, 
t To rmiew a membrane takes eight hours. 

2 82 
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diffasion, and combination of fractions less than 0*002 nnit 
apart. At this stage the inventory was noted : 

HeaTj Fraetiotis. Light Fractions, 


e.c, 

2550 .. 

HI 

O.C. 

Ll 

6^ ..s... 

m 

m 

. L2 

199 . 

H3 

510 

LS 

100 

H4 

60 

. 14 

im . 

H5 

210 

m 

196 

H6 

152 

L6 

49 

H7 

100 

...... L7 

47 . 

H8 

100 

. L8 

49 ...... 

H9 

149 

. W 

50 

H10 

50 

.. LIO 

54 

Hll 

51 

...... Lll 

52 . 

H12 

64 

. L12 

47 . 

HIS 

56 

. LIS 

51 

H14 

50 

...... L14 

54 ...ss. 

HI5 

55 

. L15 

47 . 

Hie 




The object now was to achieve the largest possible separa¬ 
tion witk this material most efficiently, that is, with the 
expenditure of the least time. Reconrse was had to a 
critical detailed study of this phase of systemic fractiona¬ 
tion. The schemes actually employed on the light and 
heavy side are shown in full in figs. 10 and 11. Tliese will 
help to illustrate the general procedure, and will serve to 
clarify the important considerations. 

Sunier * has shown, in his careful study of this process, 
that there are three factors of prime importance: (1) the 
starting-point; (2) the number of rows worked; and 
(3) tile ratio of the number of cubic centimetre# diffused to 
the number of cubic centimetres yield of the end fraction f. 
In gfflieral the analysis of the first two rows is an accurate 
guide to determine the starting-point. This was done for a 
number of distinct starting-points. 

The first case considered was that of H2 as the starting- 
point for the final diffusions on the heavy side. For the 

• Simier, Boetor’s Dissertatioa, tJaiv. of Chicago, Dec. 1927. 

t In tiiese final diffoaions a small 200 c.c. flask was used instead of 
the 600 C.C. one, imd it was safe to run the residue down as low as 5 c.c. 
(see p. 619). 
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fint ro»' worked, the number of cubic centimetres diffused 
is 1646 and the yield is 7 cu:., the ratio of 1646 to 7 being 
very higL For the second row tire volume diffused drops 
to 1356 C.C, and the yield rises to 7'75 c.c., but the ratio is 
still too high. 

The next case examined was H8. The intermediate 
siting-points were rejected upon application of the pre¬ 
liminary test, which is as follows: to produce H20 from 
H6, for instance, requires 26-6, or 14 cuts of 2 on H6. The 


fip. 10. 



Actual fractiauation aclieiue used oa the heavy tracdoa. 


yield of H20 from H6 only in this process would be given by 

initial volume of H6 „ 

-.gif —a small quantity. Of course, 

much of the material is reworked into the scheme, so that 
the test is not a rigorous one, but it can be used «ifely as a 
first approximation. For H8 the figures are for the first 
row 432/7 and for the second row 399/7*75, a coMiderable 
decrease in the volume diffused witii no diminution in the 
yield. By elimination of odier starting-points, Hll was 
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decided upon as the most practical and satisfactory from 
every point of view. In this case ihe ratio for the first row 
is 297‘5 to 7, and for the second row the ratio is 262'5 to 8. 
In all the cases considered more material is produced in the 
second row than in the first row. These considerations bring 
out clearly the valne of working more than one row'. 



Actual fracdonation sclieme used on the light fracdou. 


A similar examination was made of the light fraction. 
By a similar process of reasoning and 'calenlating, LlO was 
chosen as the most practical starting-point. Before the 
final diffosions were begnn, the densities of the starting 
fractions were checked to provide a means of determining 
just what loss of efficiency is experienced in working with 
small volnmes. This factor was balanced somewhat by a 
lower diffnsion rate which tends to increase the efficiency'. 
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TI. Discussion of the Fbactionation Scheme employed. 
A. The Heavy Fraction, 

The inventory o£ the heavy fractions used was : 

c.c. ■—• 


64 . Hll 

62 . H12 

47 . H13 ... 

51 . H14 ..V 

54 . ms 

47 . H16 


These volumes appear as the figures in the upper part of the 
first six circles of the first row. The lower figure in 
the circle is the volmne of mercury resulting from the 
previous diffusion. The directed arrows show where 
the products of each diffusion go. (The broken arrows at 
the end of the rows indicate the addition of mercury of 
identical composition before another diffusion is carried out.) 
(■onsider Hl2 in the first row. When half of the 54 c.c. 
of Hll has been diffused, the residue, 27 c.c., has the same 
composition as the 52 c.c. of H12. This latter volume is 
then added to the flask, and the diffusion is continued. Thus 
in any circle the upper figure represents the stock on hand, 
and the lower figure represents the volume resulting from 
the previous diffusion. The diffusion of H12 gives 39‘5 c.c. 
of H13 tt.s residue, and 39'5 c.c. of Hll as diffusiite. The 
stock of H13 is added to the flask, and the process of diffu¬ 
sion on a cut of two is continued down through the entire 
row. It is understood, of course, that with the heavy 
fraction the process is continuous, that is, that no emptying 
of the unit is required between diffusions. 

The 39*5 c.c. of Hll is introduced into the flask of a second 
unit, and the second row of this fractionation scheme is started 
only one diffusion behind row one. In this manner the mer¬ 
cury is used as quickly as it is produced. After the first 
row has been worked completely, the second row is only a 
step behind, so that the 7 c.c. of H20 which had been pro¬ 
duced in row 1 is added to the H20 produced on the com¬ 
pletion of row 2, and the diffusion is carried one step beyond, 
yielding H21. This general procedure is oirried out 
throughout the entire fractionation, as many rows as possible 
being worked simuluineously. 
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The completion of nine full rows yielded 7*5 c.c. of H25 
and the following fractions:— 


0.^ 


C.O. 

18 ... 

... Hie 

1 .— 

mn 

10 .. 

... H15 

T . 

mi 

20 

m4 

b 

mu 

20 .a 

... HIS 

10 ...aea 

H19 

1$ .. 

... H12 

IS ewasNsa 

H18 

14 s. 

... H31 

15 

HIT 

124*5 

... HIO 


In addition there is the complete inventory of fractions from 
H9 down to ordinary mercury which was left untouched in 
this scheme. 

B. The Light Fraction. 

Very much more work was required to achieve the same 
relative separation of the light fractien, because of tl>e more 
frequent emptyings and refillings necessary. To minimize 
the time spent in doing this, the order of progress of the 
fractionation scheme was modified. 

The light fractions us-ed were : 


e.c. 

50 . LIO 

51 . Lll 

54 . L12 

.50 . L13 

50 . L14 

55 . L15 


The first operation of the first row consists in difftising 
half of the 50 c.o. of LtO, obtaining 25 c.c. of Lll and 
25 C.C. of L9. The flask is then emptied as nearly com¬ 
pletely of L9 as possible, and all of the Lll, 76 c.c., is 
introdnced *. Two diffusions are carried out on this frac¬ 
tion before the flask need be emptied. The first of these 
yields 38 c.c. of L12 as diffusate, and 38 c.c. of LlO as 

* This mixintr of unlike fractions is anaToidaUe. The quimtity 
remaining behind in the flask and adhering to the condenser walls is 
very small, yet its efl^t is to lower the effieieocy of the process 
sufficiently to* tell on the density. Every precaution, short of using a 
new apparatus for each set of diffusions, was exercised to niiniroize this 
less of efficiency. 
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residue. Another cut of two is made on the r«idpe, a^r 
which the flask is emptied. By these two diffusions the 
second operation of the first row and the first operation ot 
the second row of the fractionation scheme are consummated 
without emptying the unit. In the ^1;*' 

been introduced into another unit and the diffiosion started, 
so that this unit uses the material which the first unit is pro¬ 
ducing. Thus the application of the fractionation scheme 
to the light fraction was down and backward, instead ot out 
and forward, as on the heavy side. Essentially the progress 
of the light fraction is the same as the progress of toe heavy, 
although more time is consumed, especially at either end ot 
the scheme. This is due to the many more emptymgs and 

refillings demanded. • i j j a ..r T 

The completion of thirteen full rows yielded 8 c.c. ot JjZO 

and the following fractions:— 




c.c. 


8 . 

1.23 

16 

...... L16 

8 ...... 

1^2 

16 

. L14 

8 

Ml 

15 

...... L13 

7 ...... 


16 

. L12 

5 . 

L19 

13 

. Lll 

10 ...... 

L18 

9 

. LIO 

12 ...... 

LIT 

148 

...... LO 

18 .. 

L16 




In addition there is the complete set of fictions from L8 
down to ordinary mercury which this scheme does not 

embrace 


VII. The Density Detkbmikations. 

The mercury used had been 

tion with nitric acid, foUowed by 5 distiU^ionyu a currmt 
of air at low pressure according to the 

Minchin *, wL claim that a single distollation gives a ^m- 
nlatelv pure product. The first and last portions were 
rejected ^n each distillation, and a final distillation tn mcm 

final density determinations ® 

and H25, they were further purified. Two additpnal “ 
lations, by the method indicated above, were carried ou , 

• llulett & Minchin, Phys. Rev. xxi. p. 888 (1905). 
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the middle portion from the second distillation was collected 
separately for the density determination 

The pycnometer used was a small one, patterned after tibat 
devised by Harkins and Mnlliken (fig. 12). The filling 



Pycaoiiieter-~-Tiie mercury is put into the bulb B; the pycnometer l> is 
then put in place. Tne apparatus is evacuated by means of a mer« 
cury condensation pump. The niercur}’^ is moved in B by roialtng 
the apparatus around the side-tube A, which connects with the 
vacuum-pump by means of a ground-glass joint. When a very low 
pressure has been attained the mercury is spilled over into C.* Air 
is then admitted through A, and the bulb and stem of the pycnometer 
are filled completely with mercury. The pycnometer is then put in 
a thermostat at a tempemture s%htly above 2o^. i#ater it is put 
into a thermostat at 26^*000, and the meniscus comes almost exactly 
to the fine mark at D. This is caused by the choice of just im 
proper temperature higher than 2d®. The small deviation from 
the mark is de^rmlned by a mthetometer. By this means the rela¬ 
tive density may be eaidly determined to one part in two million in 
the larger of t£e pycnometers used: in the smalier to letter than 
3 parts in a million. 


♦ Additional evidence for the purity of this mercury is furnished by 
Dt, F. A. Jenkins, who recently completed an accurate study of the 
spectra of samples HI 6, H26, L15, anaL20, the results of which are as 
yet unpublished. In a private communication he has informed the 
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device was slightly modified by the introduction of a ground 
joint, to allow greater ease in handling and filling the pycno¬ 
meter. By filling it nta low teniperature, and then allowing 
the mercury to overflow at a suitable temperature, calculated 
previously from the dimensions of the pycnometer and the 
coetSeient of expansion of mercury, the meniscus would 
come approximately to the mark at 25*^*000 0. Its distance 
from the mark was then measured by means of a travelling 
microscope fitted with a telescope objective, and the observed 
weight of the filled pycnometer is corrected accordingly. 
Ihe pycnometer held 17*67110 grams of ordinary mercury. 
The details of the density determinations and the precautions 
observed are essentially those given in full by Mulliken and 
Harkins *, 


Remits of the Ihnsity Deiemiinatimis. 

Weight of prcnoineter-f-dkh ..*.. ATerage...... 14*25046 

Weight of pyeiiometer-f-ordiuary iiiercuTj-f-dish...... 1st.. 31*92155 

2nd .. 31*92152 

3rd . 31*92158 

Average...... 31*92155 

Weight of mereurf .. 17*67110 


Determinations of Density of H25, 



Weight of 
pycnometer 
-f H25-fdbh, 

Weight of 
H25. 

Atomic 

weight 

flange. 

1st detoniiination (ooireoted)... 

.. 31-93000 

17-679S5 

+0^69 

2nd 


17*679CK) 

4-0*0964 

3rd .. .. ... 

.. 31-93004 

17-679^ 

4-0-0^ 

4ih 

.. 31-93001 

17-67956 

+0-0960 

5ti. . 

.. 31-93001 

17-679S6 

+0-0960 



Averts . 

+04)962 


From this the atomie weight of H25 is WO TOU. 


writers that »i dll hie work, using various methods of exciting the 
trinUf no lines other than those of mercury were ev^ recoJied, we 
may regard thivS as a searching coufirniation of the absence of metallic 
impurities, especially iu the heaviest fraction, where even a slight 
impurity of the original mercury would be expected to accumulate. 

* Xoc. (it 
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Determinations of Density of D2S. 


1st detemiaatiwi (c(»r«cted) 

» >» 


ts 






Weight of 
tnrcnometer 

Weight of 
1425 . 

Atoinie 

weight 

change. 

3 l- 913 » 

17-66298 

-00927 

3 I- 91 S 35 

17 - 86 ^ 


31'91384 

17 - 6®»9 

- 0 - 09 ^ 

31-91333 

17 - 6 ^ 

- 00 ^ 

31-91335 

17-66290 

- 0 <mai 


Ayerafe ...... —0*0^31 


The aloittic weight of this 1Mb is tOO'527* 


DiseuMsion and lie suits* 

There has been obfatined 7"5 c.c., or 101*96 grams o£ H25 
of atomic weight 200-706, an increase of 0-0962 nnit. Ihe 
efficiency of these final diffnsions with the smaller volumes 
is only slightly less than tlmt which was obtained with 
larger quantitios. On the basis of the previously-determined 
efficiency of 92 per cent., the theoretical change in atomic 
weight would have been, for H25, 0*100 unit. Ihe actual 
Operative efficiency was 88 per cent. Tiiat is, in these last 
14 cuts of 2, the residue, in each cut, became heavier by only 
0-0038 unit, instead of 0 004 unit, a difference which is 
within the limits of accuracy of the density determinations. 
Of course, with the heavy fraction there is some farmiratne 
mixing of unlike fractions. For example, on completion ot 
the first row of the fractionation scheme the flask is emptied 
of H20, and Hll is introduced to start another row. Ibis 
mixing is very favourable, and doubtless served to reduce the 
loss of efficiency, even though the quantity of H20 which 
remains behind is very slight (see footnote, p* bl6}* t air r 
For the beavv fraction 8 c.c,, or 108*76 grams, of Ll5 of 
atomic weight 200-517 has been obtained, with a decrease 
of 0*0931 nnit of atomic weight. The unavoidable mixing 
of unlike fractions, unfavourable in this case, is reflected m 
the lowered efficiency* Although a smaller flask was 
throughout all the latter work, this factor was not enough 
in it^lf to maintain the efficiency of the eyaponzation and 
diffumon. The theoretical change in atomic weight would 
have b^n 0-100 unit, but was only 0'093l unit, an efficiency 
of 85-6 per cent. To be sure, the slower diffusion rate oper^ 
tive with the smaller fractions contributed somewhat to 
mainta*the efficiency determined for larger volumes. 
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The existence of appreciable quantities of mercury of 
densities different from ordinary mercury under the wme 
conditions offers opportunities for the investigation of the 
variation of properties with isotopic composition. ^ 

The lightest and heaviest tractions ot the mercup^ 

(AM-0'189) were used by Dr. F. 

study of the wave-lengths of the lines X\546l, 4359, 4078, 
and 4047. The intensities of the satellites were also 
pared. No differences were detected by f^ 

8-inch plane grating in the filth order, or by the 30-pl.ite 
M ichelson echelon. Specimens of isotopic mercury have been 
given to the Bureau of Standards for the determination of 
their electrical condaetan<». , . „ AM—0*04\ 

With isotopic chlorine (AM - + AM=0 055, -A M -U U4> 
Hr leukins found a shift in the direction of higher frequency 
fer'tbe heavy fraction. This is in accord with what w^ found 
tertad by karTbis and Aronberg> and later by Me^n t 
However,^the relative difference in the atomic weights of 
Se isotopic chlorine used was about three times that for 
the mercLy, which may account for the difference in tho 
results of the spectroscopic investigations. 

Dr Jenkins has calculated for us the change in compose 
tion of the meicarv attained in the end 
Lnaration on the Wis of a total change of 018 unit of 
atomic weight, which is slightly less than that a^^^lly 
obtained. The results of these calculations are given below, 
fecently Aston § has succeeded in resolving the componente 
Krmass-spectrum group of mercury and gives the fol- 

towtog atomto weights, with a rough estimate of the 
proportions:— 

198(4) 199(5) 200(7) 201(3) 202(10) 204(2). 

Assuming that the bracketed numbers represent approxi- 
maX the relative numbers of atoms of each isotope we 
Tan calculate the change in these values corresponding to a 
SverXnge in atomic weight. For the best samples of 
mercury used in this investigation, ^e atomic 
dlffwed^by more than 018 unit. In the fractional diffu- 
S by w^ich these were produced the material was always 
erin half, one of the resulting fractio^ serving as the 
material tor the succeeding diffusion. This operation ^ 
Sp^Jted 25 times for the “heavy” fraction (atomic weight 

• Jenhias, Phya Rev. xxix. p. M (192r ). Tin f 19171 

t Harkins & Aronberg, Pro& J^at. ^910. 

t Merton, Proc. Roy. Soc. A, c. p. 84 (.1921). 
jKm,’cxvLp."208(1926). 
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change + 0 -l )5 and 20 times for the ‘Might*" fraction 
(atomic weight change — 0’08). For each of the final 
fractions we may apply the theoretical equations of Mulliken 
and Harkins * to determine the change in average molecular 
weight, and in relative quantity, of any pair of isotopes. 
Five snitehly chosen pairs give a complete solution and 
the new isotepic composition. In obtaining the values of 
Table II., pairs were chosen such that the average molecular 
weight of each was as near as possible to that of ordinary 
mercury, since these decrease in amount during the frac¬ 
tionation at almost exactly the same rate as the total quantity 
of mercury. Allowance was also made for the change in 
the mta of separation as it progresses, since tliis becomes 
appreciable in the relatively large changes brought about for 
the lightest and heaviest isotopes. 


Ta^blb II. 


Isotope... 

m. 

im. 

200, 

201. 

202, 

204* 

ptremtage.. 

12-90 

161$ 

2*2*58 

9*68 


6-45 

PereeDti^ in light fmotion... 


17*01 

2300 

9*52 

30-63 

573 

Percentage in hemy fraction . 

irai 

15*03 

21-96 


34-23 

1*45 


The absolute values are, of course, not as accurate as the 
table indicates, but are given merely to show the relative 
changes. The latter we may assume to be qualitatively 
correct, and indicate changes of 27 and 20 per cent., respec¬ 
tively, of the initial proportions of isotopes 204 and 198. 

VIII. SUMMJkKY. 

(1) A comprehensive survey of the separation of isotopes 
actually achieved has been made, and the possibilities of any 
larger separations have been discussed. The difference of 
atomic weight beuveen samples of mercury as obtained in 
this work is OISB unit, the largest difference in atomic 
wdight yet achieved by artificial means. 

(2) The apparatus developed by Harkins and Mulliken 
was modified by the introduction of a ground joint between 
the flask and condenser, which greatly reduced the time of 
repair and replacement of the filter-paper membrane. 

(3) The theoi^ of isotopic resolution by evaporation and 
diffusion is briefly reviewed. It is shown that the change 
in atomic weight, AM, depends largely on the separation 
coefficient, the cut, and the effirieiicy* 

s Jouni. Am. Chem. Soc. Ixiv. pp, 47,61 (1922). 
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(4) The details ot the method o£ systematic fractionation, 
with cats o£ 2, nsed in this work, are given in detail. The 
time required for the production o£ any extreme fraction, 
allowing for the time nec^sssary to build up the intermediate 
fractions, is given by t K(AM)^ (^D£^ B*, in which K is a 
constant, B the separation coefficient, E the efficiency, and 
D the rate of production of the light fraction. Study of 
this equation shows the difficulty of obtaining large values of 
AM, especially if B is small, as it is with mercury. 

(5) The completion of nine full rows of the fractionation 
scheme applied to the h^vy fraction yielded 101*96 grams 
of H25, 0-0962 unit of atomic weight heavier than ormnary 
mercury, and a set of 23 fractions each 0*004 unit heavier 
progressively than ordinary mercury. The completitm of 
thirteen full rows of the fractionation scheme applied to the 
light fraction yielded 108*76 grams of mercury 0*0951 unit 
lighter than the ordinary element; in addition there is the 
corresponding set of 23 fractions, ^ch progressively 0*004 
unit lighter than ordinary mercury. 

(6) The existence of this isotopic mercury affords an 
opportunity for the investigation of the variation of 
properties with isotopic composition. 

TTnirersitv of Chicago, 

.\prii 9, im 


LVni. Ttie Relation between Kinematic Pairs and Lmks in 
a Meehatusm. By Wiluam J. Walker, I),Sc., Ph.1)., 
University of the Witwatersrand, Johannesburg *. 

T he usual discussion in treatises and text-books on 
kinematics of machinery regarding the relationship 
between the number of pairs and number of links in a 
mechanism leads to the formula 

La=2P-*4,.(1) 

where L is number of links and P number of pairs. 

This formula, which is based upon a somewhat arbitrary 
elimination of certain pairs in any mechanism, necessitates, 
for complicated mechanisms especially, a careful tabnlation 
of all pairs and elements, in order to arrive at the correct 


• Communicated by the Author. 
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Domber of pairs P io the mechanism to be inserted in 
formula (1). In other words, P in that formula does not 
represent the actual number of pairs in a mechauismu 
Clearly, therefore, a formula inTolving P as the actual 
number of pairs in any mechanism, a number easy to 
compote without tabulation, is a desirable feature io any 
system of machine analysis. The following investij^tion 
of this problem leads to such a formula, and will be found 
to fit the link-pir relationship for any definite mechanism, 
however complicated. 

In every mee the building-np of connected chains in a 
mechanism consists in the addition of three turning pirs 
and two links for every additional quadric chain after the 
first. It might appear at first sight that three extra links 
are required, bnt since one of these most be a fixed link, this 
may be considered as embodied in the fixed link of the first 
or primary chain. Hence the P series for ail mechanisms is 

P*4, 7,10,13.etc., 

the general member of wbicb is givmi by 
Pss4+3(«--l}, 

where « equals number of quadric chains. Similarly, the 
link series is given by 

I,ss4, 6, 8,10,.... etc.. 


the general member of which is 

Lss 4+2(n 1). 


Eliminating 

gives 


n betw^ these two equations for P and L 


8P + 4 


• • a • 




The c®ly point to be home in mind when apnlying tltis 
fmrinida is that when a number of links I furnisn elements 
at a common point of conjunction, the number of pairs at 
such* point of conjunction should be /—I. This follows 
naturally from the fact that one of the I links may he 
considered to furnish one common element, completing the 
mirs for the remaining 1—1 elements. 

With this strictly logical observance, fornmla (S) will be 
found of general applicability to all mechanisms. 
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Propenie$ of Thin Filnu of tk^ 

^Sfi J?S S- “• 

from fch« StafiE of tfao ^search LaboratoriM of the General 
Electric Company, Umited, Wembley.) «*nerai 

SuitXABT. 

IiTafkSf produced by depositing 
hit ^ driving it ofiE by 

ne^, and su^ecting the remaining film to a discharire in 

process photoelectric cathodes <£i be 
»"d stable sensitivity to 
Sm P*‘°*®®**«tric cnrrents can be obtained with hght 
ot K mm} A of the aame order as those obtained in normal 
^tessinm ceils with light of X45(X)A. The sensitivity 

o“ ’^Mcb the film fs 

The observaWons are closely related to those of Ives on 

many workers who have investigatod the effects of gas films 

c?rtotolt*ir‘” t ««»J«sioo. The surfaces ooncernel^lmost 
iSlf ’L * succession of monomolecular layers, 

* »n<* oxygen on tungsten (liog- 

nmir and Kingdon) or of barium and oxygen or other ga^ 
(Rvde). Bat the conditions of their for^tion are excLd- 

^suTtl*’ ^1“*® progress has been made towards an 

th^ir c^natitntion* 

The oliMFvations seem to have an important bearing npon 
attempts to itorrelate thermionic and photoelectric emmi^. 


(1) ikf ttm 

»>t««^bange of the connexions of a gas- 

t}mtthe ihot^w”“*r*‘®^)r‘rt®*^^ led totheobservaLn 
t^ardt ^hfr!^ T *"ode lay ninch further 

iShi^rvef ^be«"S?® 'Tf *®®® of ‘be 

S ” ‘K** o®** expiwed to diffused light 

was oTPaterld,*®'^"* f*® ®"”**‘0“ f™"* ‘be small electrode 

inffTui.™‘.i; »n« 

lioht aa tK ^ ti <»uld be made as sensitive to red 

s^II,tho resnltiog cell would be very nsefnl, 

Phd. Map. 8. 7. Vol. 6. No. 37. Oa. 1928. . 2 T 
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for it wonld make photoelectric measurements as easy at 
the red end of the spectrum as at the blue end. 

Farther inquiry sliovretl that the »lifference between the 
two electrodes (it has been foiinii in almost all the gas-filled 
cells from varions sonrces that have been examined) arises 
primarily from the thickness of the layer of potassium 
covering them. The large electrode is covered with a massive 
layer, the smaller with a thin film acquired by conden!<ation 
of the vapour at room temperature. The difference arising 
from this cause is reinforced by the passage of a discharge 
in hydrogen according to the Elster-Geitel sensitising process, 
which doubtless has the effect (among others) of producing 
a gas film on the surface. Awordingly the study of the 
remarkable red sensitivity of the anodes of normal cells 
would naturally follow paths that have hem partially 
explored Igr previous workers. For Ives* has studied the 
ph<d»electric properU^ of thin films and shown that their 
threshold may lie further towards the red than that of the 
massive material; and many workersf liave shown that 
the removal of gas films may transfer the threshold towards 
the blue, and eonsequentlv that the formation of suitable 
layers raav transfer it towards the red. Unfortunately, 
however, I have been unable so far to relate these oliserva- 
tions closely to those of others and thereby to explain them ; 
the facts tliat will l»e set forth are at present practically 
useful rather than theoretically significant. Accordingly 
it will he better to describe them as part of a completely 
nnknown field rather than as particular illustrations of 
established principles. 


(2) The Firtt Ejeperimetdi. 

All the earlier ex|)erimenie were made in cells of a normal 
type shown in Phil. Mag. iii. p. 947, fig. Xh (1927). The 
pbotoelectrically active layer is dep©»it«l on the metallic 
coating of a shallow cup forming the bottom of the cell, wliieb 
is the cathode ; a nickel gauae parallel to it seri’im as anode. 
It may pi^ibly be relevant to reimnl that tlie cells were 
made of bortwilicate glass with molybdenum leadittg-in 
wires. During, or after, manufacture rite {^lis could be 
exposed to the light from a tungston source at about 
2700® K. with the interiiosition of screens. The screens 

« IL E. Ives, Astrcmhvs. J. lx. v. 209 (1^). 

t The latest are H. Zeit. J. jPSI#a xlvti. p. 662 (1928): E. 

Fleischer, Atm . d . 7%s. Ixxxii. p. 76 (1927). 
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tf Wrafcten monochromatic series, usually 
Anil V * wave-lengths longer than X6400J^ 

A typical experiment consisted of thr«« «r f««- ». 
each leading to u different state of the cathode. After 
<?ell had been evacuated for an hour at 400® O fh a* 

^.fon, ,.l,„ „ oh..S«I p”rit. Tht 

mehd was dcMsited on the metallic costing by heatinff tb« 
remainder of the cell bv a ilamf> Th« j J the 

with n I I f -Ibe catliode thns covered 

tTlSl K j ^ « i« *tote A. SomJ- 

tim^ hydiwen was introdneed at this imint and them^fi 

layer is A. In the next stage the thick layer is dr.«« 
rom the catlu^e by the application of a small -„j 

®®” V warming | 

ebanl ?! «^aporate8 from the cathode a iJafk^' 

change in appt^rance spreads over its snr&ce ■ the enri «f 

*^*1 ^j®!*?*****®" therefore be determined shamly 'n.. 

Iv6. .lodi^, wteh i> qaii. i„Ti.ible. ft ib, o.lli,Tft f» 
™l, furrtM dMil.ui.1, of th, p„t.™„yfa ®" Z 
•od . .inbl. 1.™ m.j. b. („rui,d .g..,, „„ 

mmy obiieiira the window. Accordino^lv U 

to introduce hydrogen to a ^mTlTZ'^ 

as the layer has been driven from tlie cathode^’the Z 

satio I to the npper portion j the window, if obscured 

•■npr.. ,b„„gb ibi 

on to 

state. If eas we! n ^ *® measured in each 

.ion of ‘i»Ni«.tonrr?.‘’ntor„x'o:i\':s^*M 

STw™' sSo^r*®“ ™j =:!iSirt7.nd 

etninion under th/roton^'^^T'toht **Si^ photoeloctric 

botwm to Mnutiritio. in to rufoni 

,UMtu.n, no n»{nl pnrpo* «„.|d b, ..rrri AdS^^ 
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the readings further; they are given it> scale divisions, 
The following table gives some typical results ; 

Tablk L 


... ■■■— 

Blue 

Bed 

Sute. 

iMtntitiYiiy. 


A 

70 

<1 

A'(thick toyer «eB»iti*ed) . 

480 

3 

B(ty»ls^«r) .. 

400 



430 



(3) The CondUiom of Red S0ntUivits. 

ISie fwitnres to which attention should be dirwted are 
the« The sensitiaatiou of the Aick «y«»- 
increase of the red sensitivity as well as of the blue ; in fact 
the ratio of the sensitivity in A' to the^sitivity in Aw 
greater for the red than for the blue. The 
^ very thin film for the thick layer minces slightly the 
blue seLitivity, but increases the red ; the blue J 

is still, however, far the greater. Sensitisation of the thin 
film changes tiie blue sensitivity little, but produces an 
enormous increase in the red wnsitiyity. similar 

If the experiment is reputed, ei^r on 
cell or bv driving the potassium again to the « 5 «*ode of the 
same cell and repeating the cycle, these features ^ 
But the value# ef all tiie sensitivities may diter b> factor* 
as large as i. It has been found impo^ble to obtein 

qnantitetive consistency, however great the predations 

token to repeat the conditions, and therefow the j! 

changes in the procedure cannot be established ce^inly 
nnlei they are large. Reverthelete, sots# conclusion* 
«mooming' the various stot^ can be MtoblwbM. 

little need be said about stato# A and A^ for they are 
well known. The blue sensitivity in state A <»n he incrwwed 
bv retieated distillation of the active metal, hut no appre¬ 
ciable red sensitivity can be indnced even when the greatmt 
mure is taken to secure chemical purity. During the m^ge 
of the discliarge which prodnce# state A both sensitivine# 
rise to a maximum nnd then fall. This maximum seepw 
independent of the pressure of the gas or the current earned 
by the discharge. In general it increase# with the aen«- 
iinty in the preceding state A, but the correlation >* 
perfect, the red wnsitivity in A' is more vanable than 

the blue. 
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State B is presnmablj Uie nearest araroximation in these 
experiments to the state stndied by Ives (loe. dt.) ; the 
sensitivity may therefore be expected to clung^ with ^e 
time since the thin layer was formed. Some variation of 
the natnre described by Ives is nsnally fonndy bat the 
changes that 1 have observed are much smaller than his. 
A steady state is reached in about half an hour after the 
thick him is driven off; all statements refer to this steady 
state. The sensitivities in this state are very variable, bat 
no connexion could be found with the procedure employed 
in prodocing it. They do not seem to depend directly on 
the temp^tare to which the cathode is ht'ated (so long as 
it is somoient to drive off the film and insufficient to soften 
the glass), or on the time for which the temperature is main¬ 
tained, or on the presence of hydrogen while the cathode 
cools. 

In state B' there is also sometimes an initial variation 
with the time since the cessation of the di^harj^ leading 
to a final steady state. (Such variations are also foand in 
state A'.) It generally consist in a fall of both sensitivities 
and of the ratio of tiie red to the blue, but sometimes it is 
wholly absent. 'Mie natiire and the duration of the rUs- 
charge may have a marked infiuenee on tlie final sensitivity, 
but their infloence is very complex. Any discharge pro- 
doces some increase in red sensitivity; the occurrence of 
any visible glow for a second will produce a marked effect; 
it is not nec^essurv even that the surface to be sentittsed 
should be the catfiode ; some sensitization will be produced 
if it is the anode. Farther, in some circiiin.stances a dis- 
charge of wlmtever n^nre, enduring only for a few seconds, 
will produce the full sensitivity of state B', which is un¬ 
affected by further passage of the discharge; the circum¬ 
stances in which seosttixaiion is thus independent of the 
nature of the discharge are, in general, those in which the 
greatest red ^nsitivity is attainetl. In otiter circumstances 
the red sensitivity depends grwtiy on the duration and the 
direction of the discharge ; the sensitivity prodnceti will 
now t.»e greater if the active metal is the <athode of the dis¬ 
charge than if it is the anode, and there will be an optimum 
time of dit^harge that gives the greateed sensitivity, but 
this time will vary very greatly in different experiments. 

States A and A', being those of thick layers of the active 
metal, are indefiendent of tlie material on which the layer is 
debited (as might be expected), except in so far as it may 
infiuenoe the parity of the metal. But states B and B' 
depend very greatly on.this material. The results given in 



688 Dr. N. B. Campbell on the Photoeleetrir 

Table I. (p. 636) were obtained when the nnderlying material 
of the catnode was silver, deposited chemically ; exiieriments 
were also made with platinam, deposited from n pUtinizmg 
solntioB, and with copper electroplated on silver. With 
platinnui both the bine and red sensitivities and the ratio of 
the red to the bine are somewhat smaller than with silver ; 
with copper the blue sensitivity is smaller but the red 
sensitivity very mnch greater. Lesser variations of the same 
kind can be produced by treutraents that might be expected 
to change the surface eouiposiiicm of the cathode, although 
ifs main bulk is unaffected. Thus, if potassium is distilled 
repeatedly from a silver cathode, the red sensitivity in states 
B and B' will lie rotluceii; at the same time, as has been 
noted, the blue sensitivity in state A and both the blue and 
red sensitivities in state A' will lie somewhat increased. 
This treatment might la* expected to reinovo electronegative 
impurities (e.ff. oxygen) from the surface. On the other 
band, if'oxygen is admitted to the cell and then removed, 
the red sensitivity is likely to be increased, .‘similar changes 
in platinum are not so easily produced. They can be pro¬ 
duced in copper, but not so regularly ; again, oxidation of 
the surface seems fa%'«urable to red sensitivity, rednetion 
unfavourable. The greatest red sensitivities were obtained 
when the copper was deliberately oxidized in air before the 
cell was pumped. 

The nature of tite active metal is, of course, also imjwjrtant, 
but here the relations are not those that might have la>en 
anticipated. 1 n states A and A* tlie red sensitivity of ca'siniii 
is much greater than that of potassium, hut this is by wo 
means true of states B and B’. The ilifference l^etween 
stetes A and A', on the one hand, and states B and B' on 
the othei*. is much gresiter with sodinm and potassium than 
with c.'PsiuiH ami rttbidinm, and so i* the difference lietween 
state A and state A' or between state B and state pro¬ 
duced by sensitization. The greatest red sensitivities have 
bemi obteined with |K»ta.ssioin on cn[iper ; sodium in state B* 
OH copper gives a.s great a re«l sensitivity ns any that I have 
been able to produce with caesium itt any circamstances. 
The sensitivities, both red ami bine, of ctesium in state B' 
are so small that it is not certain that they are dne to ctestum 
rather than to traces of other alkali metals present as 
impurities. 

Table II* sninmarizes some of the more important resnlts. 
The three ooinmns of figures give the photoelectric emission 
from varktus cells when similarlv exposed to the light from 
the same tungsten source at 2700** K. through the red and 
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blue screens and without any screen at all. The first part 
of the table refers to the various alkali metals prepared in 
the normal manner, the cathode beinii covered with tfaidc 
layers sensitized in hydrogen (state A'); the second part 
refers to various cathodes in state B'. Each cell is a 
favourable specimen of its class, but never the most sensitive 
^at has been prepared. 


Table II. 


Photoelectric BmiMiioii, 


Celi. 

No Slier. 

lUfi alter 
(X >8400 A). 

Blue alter 
(AStOO-i-ViOA). 


StutH A'. 



. . 

mm 

<©>2 

m 

PotAA9tUiU.,... 


<02 


EaMIttin*.. 


0*4 

im 


m 


m 


B'. 


• 

4i»i nikw...... 


42 

n 

on COp|3#r *. 

7aii 

14 

17 


mm 

•4m 

31 

Btibidtiim . 

nm 

m 

m 


in 

m 

1 

P5 


The table suggests that if iiiaxiinum sensittvity throughout 
the whole range of the visible spectrum is required, a com> 
hinatiott of the normal potassium cell (state A'} and a j^tas- 
sium-en-copper cell (state B') should be used. Closer 
inquiry confirms this suggestion. No ceil has been found 
which is more sensitive than both of these two at any part 
of the spectrum ; csEsinm celis, generally said to have their 
inasimnm sensitivity in the yellow, are not more sensitive 
than tlie potassinm-on-copper cells even in this region. 

(4) ftekUim betwmt Frequency and ^ndti^y. 

So far the results have been stated in terms of the purely 
empirical magnitudes, red and blue sensitivities, depending 
upon the iwrticular source and screen employed. B'cr theo¬ 
retical purposes they should be expressed 'by the relation 
between the frequency and the ratio of the* photoelrctric 
emission to the energy of (or possibly to tiie number 
quanta in) the incident light. Some measurements have 
been made with spectrally resolved light from a source of 
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known energy distribution, bnt I do not propose at present 
to report tnem. For some unexpected difficulUes have 
appeared, and the examination of the results of other 
workers on the alkali metals in states A and A' reveals 
serious discrepancies; it is of no use to publish further 
discrepant measurements unless the reason for t^e dis¬ 
crepancy can be made clear. 


Fur. 1. 



I%e Fhoto-Electric Propertiea of Tt>i» Films of the Aihati 


But it may be useful to give a few results which, while 
still empirical, are rather more coiiifiiete. In fig. I the 
emission excited by the light issuing from the dit of a 
certain monochromator is plotted against tlie nominai wave- 
lenj^b. Sacfa abscissa eorrespoiuis to light of ^ same 
qnality in each enrve, hut the ordinate scale Is different 
for each curve, unit emission for each curve l>eing taken to 
be that for the nominal wave-length that gives maximum 
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emission. Curves are given for potassium and csesinm in 
state A and for pofassiuni-on-copper in state B*. 

. ^ seen that there is everj evidence that the increase 

in red sensitivity characteristic of the change from state A' 
to state B' represents a shift of the thresliold towards the 
tonger wavelengths and not a mere change in the ratio of 
finite sensitivities. If a curve for potassium-on-eilver in 
sf^ B were added, it would appear again Uiat the thres¬ 
hold depends on the underlying material as well as on the 
mUvB metal. Jn the curve for poiassium-oti-copper there 
are signs of an irregularity in the neighbourhood of X5000A ; 
this may be ^inpared with the double maxima shown in 
similar experiimnte by Richardson and Young on oxidised 
pohMsiam semitized by the hyilrogen discharge *, Bat the 
irregularity is not so great as they found and it does not 
always appear ; it probably indicates that the surface is not 
hoiiiogeneons. 


(5) .4 Pmrtiml 

I't^i then, that the potassium-on-copper cell is 

likedy to be of great practical utility, but it has one draw- 
tMick that must be mentioned. It cannot be filled with 
»rg 0 ii or other rare and as a gas*filled cell, because 
t le presence of these gases, and still more the passage of a 
discliarge through them, destroys the re*! sensitinty t. On 
the other hand, they can be filled with hydrogen, and it is 
possible to obtain .ns great magnifications by ionisation hy 
collision in hydrogen as in argon, though tbev are lees 
stable. But, as Rtster and Oeitel found long ago, the 
hydrogen gmduallv disappears; this was their original 
r«^n for using an inactive gas rather than hydrogen. The 
aimeultv can m overcome partially by attaching a paliadinni 
tutie to the wll through which hydrogen can be add^, but 
^ iis IS not wholly couvenieot. Tjie absorption of hydrogen 
M wing investiipi^ and some more convenient solution mav 
no found. It displays some remarkable f^tur^ ; thus the 
aliwrption 18 much more rapid and persistent when the 
potamum IS deposited on copper than when it is depositeil 
on silver. But this matter must be left over for the present. 

R«ch8rd*on & «. P. .4. Young, Proc. Roy. Soc. .4. crii. p. 886 

f I have never mm a record of the fact, but manv aaeia of photo- 
•leclric ceUa nnwt hnuw that a eiiiuiar change occurs w'ith potassmiu in 
atate .4. In an ordinary arg.>n-filled cell, etaiiding nnaaed for aoiae 
UBW, the blue eenwtinty decreases while a red sensitivitr develope. 
The passaire of a diwliarge through the cell for a few seconds increa^ 
the blue eeiisitivitv, but very greatly deemisea the ted sensitivity. 
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(6) Second Seriee of Expefimentw. 

When ifc was clear that surface gas films were playing a 
large pari in the process it became desirable to make 
experiments in conditions such that the films could be 
removed or controlled by the usual high vacuum technique. 
Accordingly cells were constructed in whicli the cathode 
consisted of a plate, well separated from the wails, which 
could he heated by radiation or by electronic bombardment 
from u tungsten filament placed behind it; the anode 
again a parallel nickel gauze. The following materials 
were used as cmthodes, each in a different cell: carl^, 
almninium^ iron, nickel, cobalt, copper, zinc, moly Weimm, 
silver, tungsten, platiiiiim, gold. In the first experiinents 
with such cells the cathode was freed from gas as far as 
possible by heating before the first depc^iiion of the active 
metal. State B was tlien produced by driving off the 
active metal witli gentle heat, and state B* by^ the di^harge. 
Potassium was usetl exclusively as the active nictal. 

To my surprise and disapfmintmcni, the dcvelopnumt of 
red sensitivity proved more and not less complex, less and 
not more eontrollahle, in these cells than in the type used at 
the outset. Moreover there acre some outstanding differ¬ 
ences between the t%vo series of experiments. The variations 
of the sensitivity with the time were now much larger: in 
state B t^ey %ver© in accordance with those to im expected 
from the work of Ives, As the plate tooled, both blue and 
red sensitivities rose to a maximum and then declined : the 
changes in the red sensitivity were much greater than those 
in the blue : the maximum ratio of red to blue sensitivity 
occurred at about tbe sa*ne time as the maximum of either, 
Ives seems to have investigated the,s 0 changes only for on© 
inetab platinum ; his emnparisons of different metals refer 
only to the state finally attained ; my experimeiiti suggest 
that if ha had followed the earlier stages he would nav© 
£ouad far more difference between the various metals in tit© 
stage of e axiinum •sensitivity than be found in the final 
stage. As regards the final stage my results concerning 
the difference between the various metals are not wholly in 
accordance with those of Ives, but th#»n I have not been 
able to obtain coinpleie consistency in tlifferent ex fieri ritenl^^ 
Ives does not say if he experienced any cHIRcuUy in repeating 
his results quantitatively. 

Ill state B' similar changes occur, but more slowly, TIi© 
maxtmiim red sensitivities observed with silver, copper, and 
platinum (the metals common to the two series) were of the 
same order as those found in the simple celts, but these 
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liish red sensitivities were never permanent. Both blue 
atui red sensitivities, and the ratio of the red to the blue, 
decayed ; finally they were not always higher than those 
obtainable in the final stage of state B. 

Again the effects of the discharge were tar more complex. 
Sometimes the state was attained in which any discharge 
would prodnce almost immediately the fall red sensitivity, 
but now sometimes the discharge would actually decrease, 
instead of increasing, both the red sensitivity and the blue. 
An apparently exact repetition of the same 'experiment 
would sometimes produce qualitatively diflerent results. 
With the molybdenum cathode the pas^ge from B to B' 
was often proiiuced by the mere pre$«nce of hydrogen ; the 
red sensitivity increased greatly m soon as the gas was 
inirodoeed, and no further increa^ could he produced by 
the discharge.^ Indications of sensitization by hydrogen 
withoni the discharge were observed with other metals, but 
in none so markediy. 

Attempts to reproduce Ibe old resalts were made by 
admitting oxygen and other ^ses to the plate, in the hope 
of forming a snitable gas film on it. The addition of 
oxygsn, appt.cially to some metals, increased the red sen¬ 
sitivity ohrstinahic in the consequent following states B and 
B'. hut it did not make the sensitivity permanent or 
the effetds of the discharge less complex ami inconsistent. 
Permanency could only be attained by avoiding from the 
outset all attempts to free the plates from gas and by 
following as nearly as possible the procedure used in tlie 
simple type of cell. 


( 7) of Second Series. 

Tn spite of all these irregularities regular differences 
l^tweeti different materials for the cjithode could he estab¬ 
lished, For instance, if they are com|«ared on the basis of 
the maximum red sensitivity <»ccarriiig in slate B' at some 
time after the discharge, and if die greatest value obtained 
for this miixtmum in a series of experiments is taken, then it 
appears that the order of this red sensitivity is somewhat as 
follows : copper, zinc—cobalt, nickel—gold, molybdenum, 
silver, pintinuiit—irdn, tungsten, aluminium, carbon. Here 
the cathode is supposed to have been freed front gas as 
conipleteh as possible h^ heating before the <le{) 06 ition of 
the (totassium. It is highly improbable that all surface 
films were removed in ail cases; thus aluminium cannot be 
freed from surface oxide hy bonitigrdmeni, zinc evaporates 
at a temperature certainly too low to remove gas from other 
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metals, and it is well known that it is ulmost impossible to 
remove the gas absorbed in the interior of copper. Indeed 
it is possible that from no metal was the gas perfectly 
removed, for the conditions were not ideal. 

If, on the other hand, no attempt is made to remove 
surface gas, if the cell is simply Iwked, leaving the cathode 
covered, in some eases, with a visible layer of oside, then 
the order is rather different. Thus iron ooiues up into the 
third group and gold into the second, but copper and ainc 
are still better than all oRiers. 

Some subsidiary observations may be added which may 
be relevant when explanation is sought. When the potas> 
sium was first distilled into the cell a visible layer would 
often form on every part of it except the cathode j the anode 
gauze woold be covered by u brilliant metallic layer, while 
the neighbouring cathode remained unaffected. The cathode 
cannot have failed to condense the vapour because, being 
thermally insulated, it betaine hot, for the anode is eqw^ly 
insulated and of smaller thermal capacity. But if the 
potassium were distilled repeatedly from one part of the cell 
to another, with intervals of ccmling (in or«ier that the 
cathode might remain cool), the metal would always finally 
condense on the caBiode. The r^son for this behaviour 
must be doubtless sought in the w ork of Knndsen and his 
successors, and in particular of (lockcroft *, who has shown 
that the critical temperature for the condensation of vapours 
upon imperfectly clean surfaces is particularly high. For 
when the vapour refused to condense there was always 
reason to l>eiieve that the cathode was not clean, and, 
once it had condensed, it would alwavs condense again 
r^dily. 

When there was difficulty in condensing the vapour on 
the cathode it always displayed some pbotoelectrif sen¬ 
sitivity before the \isib!o layer of the ai-tivo nieUil a|>p<>ared. 
But in no case was the red sensitivity thus developed liefore 
full condensation as great as that developed after condens¬ 
ation and subsequent evaporation. Ives (loe. ci(,) records 
no difference f lietween the pro{)erties of films forme<l by 
slow condensation and those formed by removing a thick 
film; probably there is no difference if the surface on which 
condensation occurs is clean, but there certainly may hi* a 
difference if it is not. 

• Jf. 1>. Cockcroft, Proc. Boy, Soc. A, cxix. p. 298 (1928). 

t Except with ^d, which is permsaently alirred in appc«nui«) hj 
the deposition of the active itietaj. lUy observations berei^ree entirely 
with his. 
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A few ettempte were made to determine whether the 
temperature at which dm visible layer of potassium dis-^ 
appears from the cathode was indej^ndent of the material 
on which the layer is deposited. The measurements wero 
ve«' rough, but they disclosed no great variation between 
diTOrent materials. It should he recorded that state B' ia 
always destroyed, at least partially, by heating the cathode 
to we temperature at which the passage from A to B- 
oooorred ; that is to say, state B persists at temperatures at 
which state B' is unstable. 

(8) Some Theoretical Considerations. 

The main object of this paper is to draw attention to a 
large class of interesting and practically important faNcta 
requiring further investigation. But a brief mention of 
some of the more obvious theoretioti conclusions that they 
suggest may be desirable. 

There can be no doubt about the general nature of states 
B and B'. The surface of the oadiode in these statm) is 
compounded of the actual metal, the underlying material, 
hydrogen, and sonm other substances (of which oxygen is 
prolmbl^ mie) in snch a manner that the photoelectric 
properties of the compound surface are affected by ail these 
constituents, but that its work function may be 1^ than 
that of any of them. A few years ago a sngg^tion that 
such a compound surface consisted of patofats might have 
been plansible, but to-day it is certainly more plausible to 
sng^st ilmt it consists of a sncimssion of monomolecular 
layers and is similar to the snr&oes compounded of caesium, 
tungsten, and oxygen studied by Langmuir and his asso¬ 
ciates* or to those more complicated surfaces, in which 
barium is an clement, that Hyde f has studied so ex¬ 
haustively. Of course, neither Ives's experiments nor my 
own provide any evidence as ^gent as that provided by 
these workers that the layers are truly monomolecular, 
bnt the onus of proof would seem to rest on anyone who 
would maintain that there is not an essential siuiilaritv. 

Nevertheless there are differences, the chief of wiiicb is 
the far greater irregularity of my oliservations. The explan¬ 
ation may possibly Tie in less perfect ex{>eriiiiental conditions; 

• I. l.an;n»air, Phya Uev. xxi. p. 380 (1^); 1. lautgmuir and 
K. H. Kinadon, Proe, Roy. Soc. A, cvH. p. 61 {10S3). 

t J. W. Ryde. Paper not yet publiabed. Ryde bad reached bis 
main eoaolaaioiM bcdore the b^fmaiog of tbeae experimeoto, wbkb wwe 
veiy greatly influemed by bia worb. 
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I may not have avoided sufficiently the presence of dis- 
.tnrbing substances. But it mast be remembered tliat 
my most regular results were obtained in the conditions 
apparently least perfect, namely in the simple cells from 
which the observatious started. It is more likely that the 
difference lies in the conditions of temperature ; all thermi¬ 
onic measurements are made at temperatnres that destroy 
or modify profoundly the photoelectric sensitivity ; db^e 
p»40uliariy variable surfaces that ara studied here may not 
exist at all at these temperatures. Further, ^e surface 
compounded of raonomolecular layers may be in a state of 
dynamical rather than statical equilibrium ; interchange of 
material between the cathode and its snrronndings may be 
proceeding constantly. In thermionic experiments the 
cathode is always hotter than the walls, in photoelectric 
experiments it is at the same temperature. The state of the 
photoelectric cathode may be inflnenced to a greater degree 
than the thermionic by variations in the state of the walls, 
which are very difficult to control; Indeed some evidence, 
though it is not so far conclnsive, has been obtained of a 
correlation between the state of the walls and the sensitivity 
of it>e cathode. Again, if the eqailibrium is dynamical, the 
small sensitivity of caesium in state B' may be explained ; 
the vapour-pressure of the metal may be so high that verv 
few molecules are present on the surface at any one time. 
These questions mast obviously be examined by experiments 
at different temperatures. 

Concerning the exact nature or the order of succession of 
the monomolecular layers little can be suggested at present. 
Oxygen i« almost certainly a conttitnent of some at least of 
the surfaces, and in state B' hy<lrogen ions are almost 
certainly another. For since normally any kind of dtscbarge 
in hydrogen will produce an increase in red sensitivity, 
while the mere presence of hydrogen will not, the cunciusion 
is almost inevitable that the primary function of the discharge 
in sensitization is the provision of hydrogen ions. Mysore- 
meats have been made recently on sensitizaMon by means of 
the Townsend discharge, supported by photoelectric emission 
from the cathode, in which the number and energy of the ions 
can be controlled and ascertained. The results are not very 
easy to analyse and, once more, will be reserved for the 
present, but they are consistent with the view that the 
change from state B to state B' is intimately connected with 
the arrival of hydrogen ions at the cathode. The irregular 
effects of the discharge are probably due to changes, other 
than mere ionization, that it produces ; thus it may hwti the 
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cathode or spatter material from the cathode ami dep<»it it 
on the walls, or from the walls and deposit it on tiie cathode. 

According to this view states A and A', the nnsensitized 
and sensitized states of thick layers, mast be essentially 
similar to states 1) and B'; the only difference is that in 
states A and A' the materuil of the onderlying cathode is the 
same as that of one of the snperimposed monomolecular 
h^ers. The remarkable observations of Richardson and 
Young (foe. c^.), in which they obtained great red sen- 
sitivitim and a threshold in the infra-red by snbiecting an 
oxidized potassinm surface to the hydrogen disclmrge, are 
essentially similar to iny own; they probably realized » 
state B' of potassiam on potassium. The threshold that 
they observe was not that of potassium ; ihat is to say, it 
was not that of a cathode consisting uniformly of pota^nm 
from a homogeneous interior to a boundary at which the 
electrons are einitt^ free to move under small external 
fields. Such a catbmle is obtainable, if at all, only when 
the most strenuous endeavours are made to free the surface 
from gas ; the observations of Fleischer * suggest that its 
threshold lies well towards Ae blue end of the spectrum. 

These remarks are relevant when atterophi are made 
to relate the thermionic and photoelectric properties of such 
metals as poiaieiom. It is clearly very difficult to ensure 
that the two projierties studied experimentally are those of 
the same surface. But a more general consideration con¬ 
cerning the relation of iherinionics and photelectricity may 
be offered; it was suggested to me in conversation by 
Mr. R. H. Fowler. The difference between the thermionic 
emission from different substances is often regarded as 
determined wholly by ihe work function. But another 
property innst enter, namely,the emission coefficient; that is 
to say, the ratio between the number of electrons ac<|uiring 
energy greater than the work function to tlie number 
energing from the surface during any period. If the 
cathode is completely homogeneous the neglect of the 
emission coefficient may he justified. For then the surface 
will prolMiblr ^nsist electrically of a dmple rapid change of 
potenti.nl, all in one direction ; if the emission coefficient 
varies from one metal to another, its variation is likely to be 
correlated closely with that of the work function. But if 
the cathode is not homogeneous, if there are several snper- 
imiwsed monomolecular layers at its surface, this correlation 
may be absent, for the work function is determined by the 
total change of potential throngb ihe whole series of layers, 
• B. Fleischer, loe, «lf. 
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while the emission coefficient may well be deterniined by 
the naanner in which the chan/^e occurs. The potential may 
have maxima and minima within the series of layers, 
and these are likely to effect the emission coefficient, though 
they may not affect the work function. 

In photoelectric emission the work function corresponds, 
of course, to die threshold; the emission coefficient is 
probably represented by the sensitivity for frequencies 
considerably greater than that of the threshold. In my 
experiments the work function is determined roughly by the 
red sensitivity, the emission coefficient by the blue sen¬ 
sitivity. Table II. (p. 639) shows that the two sensitivities 
are not at ail closely correlated ; it is not true, even in the 
most general way, that the cathode with the lower frequency 
for its tbreslioid has the greater emission for higher 
frequencies; indeed, if films of the same active metal on 
different cathode materials are compared, the converse of this 
proposition is more marly true. The mutual independence 
of red and blue senudvities accords well with the theory 
that the surfaces are composed of successive layers; it 
shows also that any relation between the variation of the 
thermionic emission with the temfierature and the variation 
of photoelectric emission with the frequency is likely to be 
far more complicated than is indicated by any of the theories 
that have been proposed hitherto. 


LX. Chemical Interactions correspondinff to the Constant 
of Mass Action being a Funeticn of the Volume and Masses 
of the Constituents as well as of the Temperature^ and 
Catalgtic Action. —II. Bg R. D. Kleeman, B.AlK8c. * 

§ 1. Introductory Remarks. 

1 ]^ a previous paper f the writer has investigated some of 
the conditions nnder which the constant of mass action 
is a function of the volume of the gaseous iutcructing mixture 
and the masses of the constituents, as well as of the tem;ier- 
atnre. ITiis paper is a continuation of the investigation. 
The reader shonld acquaint himself with the matter in the 
paper quoted. 

The inresti^iions in question are based on differential 
eqnatione obtained by means of a certain isothermal cycle 

* Cimunaaiested by the Author, 
t Phil. Msg, vi. pp. 195-20S (1928). 
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'which inay be varied «oniewhat depending on tiie |;iven 
conditions. The cycle nsnally involves a chamber containing 
the reacting gaseons mixture, separated from a namber of 
other chambers by membranes, each of which is permeable to 
one of the constituents. If this namber is two the apparatas 
has the form shown diagrammatical ly in the figare. 



§ 2. The Effect of Small Eissoeiaition on the Constat of 
Macs Ae^on of a Caseous Mixtmre. 

Suppose that a mixture of M« mols of molecnlM a and 
mols of molecules e at the pressure p is contained in the 
chamber C«, of the apparatas Jsjown in the figure, whose 
volume is v. The chambers C« and are separated from 
the chamber Ca» by membranes permeable to molecules a 
and e respectively, the pressures in these chapsbers will 
accordingly be denoted by p, and p„ and the corresponding 
volumes of’molsof molecules a and e by r« and e, respectively. 
The differential equation of the reaction with rOspect to the 
volume tJ as independent variable is * J 

=0. t . . (1) 

Let us suppose that the preware of the free molecules a 
in the mixture is extremely small. The equationof state of 
the molecules a in the chamber C« is then not giveh by 


p«r.-RT,. m 

where T denotes the absolnte temperature, hot by f 

PaOa SBS ...... (3) 

where is a function of ci and T, or 

...... (4) 


t differs very little from unity except when e« is very large, 
^og 41^" unity. For the molecules in the 

Cm, whose concentration is not small, { may be 

* Phil. Mag. V. pp. 030-639 (1938). 
t Phil. Mag. V. pp. 1191-1198 (1938). 

put. Matf. s. 7. Vol. 6. No, 37. Oct. 1928. 2 U 
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^iken equal to unity. It will now be evident from a previous 
investigation * of the solutieu of the differential equation (1) 
that K the constant of mass action is now obtained a function 
of V, even if we suppose that the other free molecules obey 
the orthodox gas law. 

Similarly, it can be shown by means of the differential 
equation t 

■ ■ w 

of the reaction, in which M« is the independent variable, 
that the constant of mass action is a function of M^, and so on. 

A similar result can be shown to hold for other reactions 
in which the concentration of one or more of the constituents 
is very small. 

Let us, for example, consider the reaction between equal 
numbers of mols of molecules a and e. 


ae^ _+ . (61 

in which the concentrations of the free molecules a and « are 
extremely small. 

The equation (29) in a previous paper | can now easily be 
shown to have tiie form 

Ca 

Bt’ \ V / Cat? —2Mafa’ 

supposing that and taking into account that »a=fa/( a, 

where Cg denotes the concentration of the molecfiles a in the 
chamber Gat §• If this equation is solved and the expression 
obtained for C« substituted in tlie equation 

K(^^-a)=Cg»,.(8) 

also given in the paper quoted, the functional form of K in 
respect to e is obtained. 

Since the constant of mass action can be determined only 
from concentration measurements, and it is difficult to 
measure small partial concentrations, it will be difficult to 
prove this result and others of the same kind experimentally. 

• Phil. Mag. V. pp, 621-d22 (1928). i Loe.eit. 

t Phil Mag. V. pp. 626-627 (1^), 

^ § The gas equation (2) applies to the molecules a ia tiie Camber Cm 
tince tiie totu molecular concentration is not small, while tiie gas 
equation (8) applies to the molecules a in the chamber Ca. Since the 
preranre of these molecules is the same in the two chambers (oUierwise 
diffnaon from one chamber to the other wonld take place), it follows 
that afl*fg/Cg. 
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pe constant of mass action under these conditions, it wiU 
be recopized, 18 very small. In a previous paper* the 
writer showed that the constant of mass action is approai- 
^tely a function of the temperature only when the dissocia¬ 
tion IS small. The r^lt is based on the supposition that 
equation (2) holds eitactly. Since this is not the case the 
quoted result must be modified somewhat accordingly 


§ 3. The Catalytic Effect of a Surface AbeorUng Substance 
on the Constant of Mass Action of a Reaction. 

Let us suppose that the surtece of the walls of the cylinder 
of the chamber C® absorbs some of the gas^us molecules a 
in cont^t with it till a point of saturation is reached. This 
absorption we will suppose consists simply of the deposition 
of a layer of molecules on the surface which can be removed 
by mechanical means, such as passing another solid substance 
over the surface. The mass of molecules a deposited per cm.* 
is a function of the pressure p* of the molecules and the 
temperature, and it may therefore be ivritten ^(T,p«). The 
total mass M«' absorbed is therefore equal to 

M,'* A.i^T,p,).(9) 

where A denotes the area of the exposed surface of the 
cylinder. 

Let us next suppose that the mixture of molecules a and e 
in the chamber is passed through the first of the two 
cycles described in a previous paper t. The process (a) of 
this cycle consists in passing the mixture into the chambers 
Ct, and C'e at constant pressures, during which the external 
work 

Mf'vapa + Mer,p,—p® 

is done, where Ma" denotes the mass of molecules a in the 
chamber C* at the end of the process, which are not deposited 
on the chamber walls. In the process (ft) the chmnbers C* 
and Ce are increased in volume by a small amount, during 
which the work ' “ 


M<,"pa . + p,t»a . + M«p«dv« 

is done, where must be considered a variable since it 
depends on A and p^. In the process (c) the substances 
■a and e are returned to the chamber Ca« at constant pressures, 
giving rise to the external work 


■-(Ma"r«pa+M,e,p,—pp)—5(Ma''r*p«+ pp). 


t 


pp. 26S-271 (1028). 
Phil. Uaf. V. pp, 620-829 (1928). 

2 U 2 
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where M*", as before, most be crmsidered a variaWe. The 
deposited moleooles a are shared o£F during the process bj 
the piston of the chamber Oa. In the last process (d) the 
Toluine of tile mixture is decreased by giving rise to 
the external work 

—p, 

On eqnating to zero the total external work done, we obtain 
the eqoitiion 

« « 0 , . . ( 10 ) 

which has the same form as the eqoation (1) obtained in the 
paper qnoted, where M« is replaced by MJ'. Now 

= M,-A . ^(T. pi) . . (11) 
by eqoation (9). Hence eqoation (10) be written 

(12)* 

The other eqoations which are osed with this eqoation to 
obtain a solotion, which are given in the paper quoted, do 
not contain A. ^(T,pa), since when the mixture is completely 
in the chamber Cm no molecules a are deposited on a surface. 
It follows, therefore, from the investigation in this paper that 
the solotion of (12) will give K a fonction of «, Mo, and M«, 
as well as of T, whose form with respect to v is determinate, 
l^e form with respect to M« and M, is determined by two 
eqnations given by the second cycle, which may be obtained 
from eqoation (12) on substituting dM. and in 

snccession for dv. TAtts a tolid s^stanee which eonden$et a 
gateous otthstcmee on to its surface has a catalytic sjfeet on the 
constant of mass action a reaction involving the gaseous 
substance. 

The expression for K will also involve A. This signifies 
that a continual deposition and evaporation of molecules a 
in the chamber Ca takes place during which they ondergo a 
procemi of activation at the surface, wMch changes their 
chemical behaviour. This activation of the molecoles when 
not in contact with the sorface will gradually disapp^r. 
Hence the average extent of activation of a mass of gaseous 
molecoles will depend on the area A of the activating 
surface. This result is the theoretimil explanation of the 

* If the deposition is supposed to take place on the sor&ce of the 
chamber 0^ and we suppose that the mass A . e(T, is deposited 
while the mass M, is in the gaseous state, the corresponding differential 
equation, as can easily be shown, is obtained from equatimi (12) oa 
changing the sign of the term A . p(T, pu) 
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result observed long ago that the activity' of a cataljtic agent 
depends largely on the area of the exposed surface. 

§ 4. T%e Caialytic Effect of a Bulk Absorbing Substance 
on the Constant of Mass Action. 

Let us suppose, as was done in a previous paper *, that 
the walls of the chain her Ca are permeable to molecules c 
which are contained in an adjacent reservoir of infinite 
dimensions. The presence of the molecules e maj affect the 
nature of the molecules formed from the molecules a in 
the chamber, especially if the molecules c are in a dense or 
liquid state. It is well known that dissociation or poly¬ 
merization of the molecnles of a gas absorbed by a liquid or 
solid may take place. The osmotic pressure pa' of the 
molecules a in tiie chamber Ca is under these conditions equal 
to apat where is the pressure in the chamber Cm, and a is 
a quantity which may be greater or less than unity. « is 
evidently a function of pa and T, and we may therefore write 

Pa'>= Paa — pa ^ Pa). . , . (13) 

The volume Pa' of a mol of the molecules a in the chamber 
Ca may be written 

Va = .( 11 ) 

where »a is the volume when the molecules c are absent. 

If the mixture is passed through the first of the cycles 
described in a previous paper f, tiie same differential equation 
ill form as before is obtained, where pa' and ti^e the 
place of fa and va, or 

which becomes 

= 0, (16) 

by m«ans ot equations (13) and (14). From the second 
cycle two additional equations may be obtained in which 
the independent variables are JU« and M,. 

The subsidiary equations that are used to solve these 
equations are independent of the molecules c in the chamber 
Ca< It follows, therefore, that the expression obtained for the 
constant of mass action will contain the functions and 
An examination of the investigation in the paper quoted will 

jj • Phil. Mag. vi pp. 186-308 (1828). 
t Phil. Msg. V. pp. 620-629 (1928). 
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show that in that case tlie constant of mass action is a 
function of the Tolnme and masses of the oonstitueuts as well 
as of the temperature. Thus, for example, equation (15) in 
that paper, witich corresponds to the reaction 

now becomes 

*logi-r^.(M*,T). . (18) 

If this is integrated and the expreaiion obtained for C« 
snbstitated in the equation 

K(^-Ca)=0,®, .... (19) 

obtained from equations (10) and (11) in the paper quoted, 
the functional nature of K with r**spect to v is obtained. 

It will be of interest to consider the sjiecial case corre¬ 
sponding to the concentration of the siil>stanee a in the 
cnamber C« obeying Henryks law, in which mne we have 
pj ss Alfa and Va == tv/«i where is a c onstaiif. Equa¬ 
tion (15) no%v rednees to the same form it would have if no 
molecules e were present in the chamber Hence under 
these conditions the molecules c have no catalytic effect on 
the constant of mass action. 

§ 5. The Tuneiionul Ji^aiure of ihr Con^itmd of Ma$$ Artion 
of Mletirolytee. 

Let us suppose that the apparatus in the figure is placed 
in a solvent to which the wails are permeable, and that the 
chamber contains a mass M of a solute which dissociates 
in part into positive and n«‘gative ions. Let us also suppose 
that the membranes separating this chamber frotn the 
chambers Ca and Ce are permeable to the positive and tiegaitve 
ions respectively. The pressures and p now denote 

the osmotic pressures of the segregated ions, and of the 
mixture of undissociated .solute and ions, res|)ectively. 

The ions in a solution due to the dissociation of an added 
solute, behave as a whole like uncharged molecules as far as 
their intrinsic pressure is concerned, since the repulsion the 
ions of one sign exert upon each other can be shown to be 
balanced by the attraction tbe ions of opposite sign exert 
upon each other. Thus consider the solution divided into 
two parts A and B by an imaginary plane. Ijet the negative 
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ions in A repel the negative ions in B with a force F. The 
positive ions in the two parts will then repel each other also 
with a force F. Hence the part A repels the part B with a 
force 2F. But the negative ions of A attract the positive 
ions of B with a foi^ F, and the positive ions of A attract 
the negative ions of B with a force F, or the two parts 
attract each other with a force 2F. This force of attraction 
neutralizes the force of repulsion. Thus the total effect of 
the electric charges of the ions on their intrinsic pressure is 
zero. As a first approximation the ions may therefore be 
taken to behave like uncharged molecules, and hence, if the 
concentration is not too large, the osmotic pressure of the 
mixture of .solute and ions in the chamber Oa* approximately 
obeys the gas laws. 

The pressures of the positive and negative ions in the 
cbamliers C® ami are equal to the pripsures of the corre¬ 
sponding ions in the chamber C'o*. For, if that were not so, 
diffusion from one chamber to. the other would take place. 
We may therefore write 

= . . , . . ( 20 ) 

for these pressures, where i! denotes the concentration of 
the po.sitive and negative ions in the chamber Oa«. 

Home information about the concentration of the ions in 
the chambers C„ and C« may be obtained from the following 
consideratioiKS :—Let us suppose that each molecule of solute 
in the chami»er Cae is dissociated into two ions, each of which 
earrie-s a charge e, and let them lie transferred at constant 
pressures into the chambers ('« and CThe external work 
done oil the system is 

/m—2/>ai'«M, 

where denotes the volume of a mol of ions in both the 
chain l>ers Oa and 0,, and M the mass in raols of the original 
solute. But since the solute is completely dissociated, and 
the pressure of each kind of ion is the same in the chambers 
Ofl, and the foregoing work mar be written 

2/>«(v-MPa)- 

If the volume of each of the chambers Os and (’• at the 
eml of the process is the same as that of the volume of 
the chamber (at the beginning, r —M 0 o=O, and hence the 
foregoing work i.s zero. But it cannot be zero, and has 
be.sides a positive value, since this operation involves the 
separation of jiositive from negative ions. It follows, tibere- 
fore, that 


Mr« < r. 
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■or the concentrations of the ions in the chambers CV and C'« 
are greater than the correspondin/ir concentrations in the 
■chamber Oae. Since the work of separation of the ions in 
the chamber Ca from those in the chamber C, against elec* 
trica) attraction increases with their concentrations and these 
concentrations increase with the corresponding concentrations 
in the chamber Ga», the above work done increases with 
increase of the latter concentrations. Hence the ratio M^a/v 
decreases with decrease of r. We ma}’ therefore write 

• # • • « ( 21 ) 

where is a function of 0 which is smaller than unity, and 
which decreases with an increase of C. 

The reason for this difference in concentrations is probably 
that when the ions Ire of one sign and two ions approach 
«ne another Hiey decimse in speed on account of the repulmon 
they exert npon each other, and the average velodtv of 
translation is thus smaller than would otherwise be the case. 
The concentration corresponding to a given pressure will 
then be greater than when the particles are uncharged. 
The effect is the opposite to that existing with uncharged 
molecules, in which ease the attraction they exert upon each 
other increases their average velocity of translation *. This 
would be for large concentrations considerably greater than 
that corresponding to the ga^^ous state. The latter velocity 
a molecnle has when it passes through a point In the substance 
at which the forces of the surrounding molecules neutralize 
^ch other. In the case of a mixture of equal numbers of 
positive and negative ions the decrease in velocity when two 
similarly charged ions approach each other is compensate«l 
by the increase when two ions oppositely charged approach 
each other. 

The osmotic pressure p of the mixture in the chaml>er Oo# 
is given by 

p « BT(C; + 2C) « -f c), . . (22) 

M' ’ 

where ——C as C„ tiie concentration of the undissociated 

P 

•olute. On sobstituting for p,pa, p*, r*, and », in equation {1) 


* < 

Cbap. II 

p. 100. 


Kinetic Thmry of QMBh nud Liqnids,’ by K. D. Kleenmt), 
. (John WiWy A New York), rliih Mag*, July 1912, 
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from equations (22), (21), and (20), and taking into account 
the equations Ua « M* = M, we obtain 

_ MC 

de ((Jp-2M«,)»’ • • > • (23) 

This equation, together with the mass action equation 

KC.-K(S-0j=C», .... (34) 

detormines the ftmetional form of K. An equation may be 
obtainM from this equation by differentiation with respect 
to which may be written 



+ . (25) 

and by the help of which tlie prbperti^ of K may con- 
venientiy be investigated. ' 

^ l^t us firet consider the case corresponding to the disso- 
ciaUon of the ^Inte in the chamber C5« being small, in which 
case O IS small. The quantity a, in equation (23) is then 


eciual to unity. If the expression for ™ given in that case 

by equation (23) is substituted in equation {2S), we obtain 

= 0, as has alrmidy been shown in a previous paper *. 

Thus in the case of weak electrolytes K is a constant at 
constant temperature, wjiich agrees with the &cts. 

If, however, tlie ionic mmt^ntration is large, as with strong 
electrolytes, is less than unity. Now, the values of Ai - 

ami Bi in equation (25) are positive, and the value of ^ 

given by equation (23) is negative when «,*=!. These 
vainer we have jnst seen, reduce the tight hand side of 
equation (25) to aero. When Of is less than unity the 

negative value of ^ giyen by equation (23) is greater than 

that corresponding to «, = 1. In Uiat case the value of ^ 

given by equation (26) is negative. This agrees with the 


• Phil. Mag. V. K). 620-629 (19^). 
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ei'K. 

facts aocordiog to wiiicii in the case of strong electrolvtes 


has decided negative valnes. This is indicated bjthevalaes 
of K given in die Table (see p. 659), where die first cxilnmn 
gives the volnine in litres of the solution containing a mol 
of KCi, the second column the value of Co, and ^e third 
column the values of K calculated bj equation (24) *. 

A further test of the theory may be made by calculating 
the value of given by equation (23) corresponding to 
different ionic concentrations in the chamber C«c. Its valnes 
should be less than unity and decrease with increase of 
concentration. Thus it was obtained from the Table that, 
eorresponcUng to the volumes 7500 and 1*5, «* has the values 
*98 and *88 respectively. Corresponding to the volume 7500 
the value of «* is nearly equal to unity, as we would expect 
should be the case at such low concentrations. A striking 
confirmation of the theory is thus obtained. 

If the functional form of eg were known equation (23) 
could be integrated, and hence the fnnetional form of K be 
determined from equation (24). But the exact form of «* 
(siuuot at present be predicted theoretically. We may 
therefore proceed to determine the fnnetional form of K 
empirically from tlie values of K and v given in columns 
1 and 3 of the Table. If we write 


K 


2*35 


(26) 


and calculate the values of K corresponding to the various 
values of p in the first column of the Table, the values given 
in the fourth column are obtained. A more complicated 
formnlu for K would no doubt give a better agreement with 
the facts t- The exponent of r in the foregoing equation is 
approximately eqnal to which is probably not accidental 
bat has an important significance. 


• Table taken from ‘A Treatiee on Pbyaical Cbetaistir,’ p. 557, 
edited Iw H. S. Taylor (D. ven Kewtraad Co., New Tork), wbicb wae 
compiled from fignres by Koblrauach and |lald>y, Wi0, AM. teek. 
JRekkaanUalt, iii. p, 167 (1900). 

t Strictly equation (26) should be written KoBa-f-^, where a is the 

limiting valne of the constant of mass action when the ctmcentmtiou is 
infinitely small, and which accordingly is a funedoa of the temperatum 
only. But since the value of a is shiall is compiriimn with a latfs 
rangt‘ of values of the other term, its value piorahty cannot be deter* 
mined very acctuatoly from this equation. 
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It appi^sirs, tlierafore, that when an eUielrolyte ^s$a€uties 
easily iMo ims th^ mmiant of mass ocimH is a /unetian of the 
volume of the solution as well as of the temperahtre. This 
sigiptifiss that Hiker the chance of a molecule disso^ttinp into 
ions depends on its pnmous encounters mth other molecules, or 
that th^ chitnce of two io$is of opposite sipn combining on 
colhsioH depemis on prevums eficounters with other ions mid 
molecules, or that both efeeis occur. 

SheutM5taciv% N*Y.» 

U.S.A, 


LXL Coralem^, the J^aramagnetmn of O^rggen and &creo-- 
chemislrg. dig F, BiGOS, M.Sc*, M.A., Demonstrator 
in Phgsics in ih^ord Unirersitg 

L ONDON’S t theory ol oo^alenoy i^oggesis m mnnj 
more researches lioth theoretical and experinienhal 
ttan I shall be able to carry out, that I venture to publish 
the following somewhat speculative cousideratious. 

London shows by very general arguments as to symuietry 
that two atoms will form a homoeopolar or covalent lint 

• Communicated hy Prof. Townsend, F.R.8. 
t yjs. f i%«. xlri. p. 455 <1928). 
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when each possesses an unpaired electron, if these electrons 
are in corresponding orbits but spinning opposite ways. 
The “ correspondence ” o£ the orbits includes angular 
momentum and orientation, but perhaps not radial motion. 
Further, in any atom in a group of orbits with the same 
azimuthal quantum number the unpaired electrons all spin 
the same way. 

London writes for the six outer or L eleetrous of the 
oxygen atom: 


f 

i 

1 ; 

1 

P 

1 

0 

1 

No. of 
electrons : 

‘ 1 

^ 2 

2 11 


i 


where i is the old azimutiial number (it) minus one. The 
two unpaired electrons in differently oriented orbits are 
the Talen^ electrons. Now, if the axes of the four />-orbits 
are arranged thus: 

4 . 4 


120° I I 120 



the resultant is one unit of angular momentum, giving a 
P term, while tiie two spins, combining in the same direction 
to give again one unit, may uiake an angle of QP, 120*^, or 
180® with the doubled orbit, giving a final resultant 2, 1, 
or 0 respectively, thus forming a triplet P term as seems to 
be requijed by observation. There is nothing new in this; 
it is only a consistently geometrical statement of the known 
modeL If we now form an oxygen molecule we place two 
suth atoms in the same orien^dion, which will be 8ym> 
metrical to the line of their nuclei. The odd spins then go 
out in pairs (forming the bonds), but we are left with 
a resultant orbital angular momentum of 2 units. Since 
this is due to electrons describing porbits, we may suppose 
that in a magnetic field the whole molecule will be oriented 
parallel, perpendicular, or anti'parallel to the field, giving 
a Siem-Gerlach triplet, with 8plitting>factor 2, if we assign 
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one Bohr magneton to each p-orbit. This gives the right 
value for the paramagnetism of oxygen on Sommerfeld’s * 
quantization of Langevin*s Theory, namely: 

_2* + 0*+(-2)» Ny8* . 

^" 2 iT ’ 

* * 1*42 X 10-» at 20® C.; (x=* 1*44x lO"^), 

where is the molecular susceptibility and k the volume 
susceptibility, N is Lohschniidt’s number and $ is one Bohr 
magneton, while the numerical fraction represents the mean 
square of the component of magnetic moment parallel to 
the field. 

Ymi Yleck^sf detailed theory also needs only a slight 
modification to fit this model, for we obtain the same result 
if in his formula (27) or (28) we put the spin-number s 
equal to zero, and instead of crt* write as is 

justified by bis own rmisoning (p. 606, 1. c.). 

The 120° between the o^its of the p-electrons in the 
oxygen atom has now obvious applications in chemistry, for 
the water inolecnle must be drawn thus: 


Fig. 1. 






which gives a dipole moment and may underlie the hexa¬ 
gonal structure of ice. We here make the natural assump¬ 
tion that when two atoms are joined by a single bond, the line 
of nuclei is the common axis of the valency orbits. A closed 
chain of three atoms suggests itself for ozone, but we have 
then to assume that pandlel oriits may give rise to a bond,, 
even when the eyins are not dire^y opposed, since otherwise 
no closed chain of an odd number of atoms could be formed 
by London’s covalent links. 

For the nitrogen atom we should have two paired 
s-electrons, and the three p-orbital axes making 120° 
with each other in a plane. The nitrogen molecule would 
then obviously be neutral (or diamagnetic), while the N(^ 
molecule would have one orbital magneton and one spin 

* ^Atorabau,’ 4th edition, pn. 638 and 641. 
t Phjrs, Kev. xxxi. p. 687 (1888). 
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magoeton, presumably pamllel or anti-parallel, when 

quimtiaed as for 0, would give for tbe susc^fability 

_ 2» + (y + 0* + 0* + 2*-»:ff >^.71 xlfl~^at20°a. 

or half the value for oxygen. This number is also obtained 
by Van Vleck, but it dow not ag^vnt^ the available 
«Lrv»tions and Van Veck accounts 

for the discrepancy by introducing another factor depending 
on the temperature, which for nitri^en will b^e the 
required value of 0*85 at ordinary temperatur^, while for 
o^gen it is practically unity, the distinction between the 



two cases being due to the energy intervals teing com¬ 
parable to iT in the case of nitrogen but not in that of oxygen. 
E iho case of the present model, however, this distinction 
Sn hardly be supposed to hold, and therefore the agreement 
of tlio modal with observatioo must be regarded as unsatis- 

again, is given by London one 
three unpaired p-electrons, which I ar^g® ]20 with 
Soft,? in . pW It. tl»n, one of tie |^n^... ^ 
un on a hydrogen atom, the axes of tbe remaming twp 
vLncy orhfts of each Ott radial '^^l form an angle of^ . 
Six such radicals can now combine wi&out steam to form a 
plane regular hexagon as in fig. 2, where the whole arrow# 
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represent orbital axes, the half arrows spin axes, and the 
carved lines bonds between electrons whose orbits are 
parallel but whose spins make 120° with each other. The 
spine may also be alternately in opposite directions as we 
go round the ring. All this time we are conveniently 
neglecting the six «-electrons, but I suggest ^t since there 
is nothing directional about the *>siate (it is really not an 
orbit at all), the direction of spin is free, and the wnd can 
have perhaps an attractive bnt no directive effect, and may 
be neglected in bnUding simple molecules. The <mly strong 
reason I can think of against such an assnmption is that the 
hydrogen molecule is apjarentiy held together by s>electrons. 
In most other cases when an atom has a single outer electron 
in an nniloubted s>state, as in the case of the alkalis, this 
electron does not form a covalency, but drops off. In graphite 
the s-electron would form the bond normal to the planes of 
cleavage, accounting for the lubricating properties of toe 
substance. 

Diamond and the aliphatics, on the other himd, seem quite 
inexplicable on this model, and all four L-electrons must 
have f = 1 and have their orbit-axes pointing in tetrahedral 
symmetry. If tltis is correct, the inert gases might also be 
taken to have their outer electrons arranged in pairs -with 
the axes of their orbits in tetrahedral symmetry. 

Such a model is, of coarse, contrary to the accepted spatial 
quantization, which only allows three different-p-orbits ; but 
it dees not seam necessary that in the quantization of a 
system of several electrons the only possible stai^ of the 
individual electrons should be those of an electron in a 
system or “ ring ” by itself. The geometrical method of 
atom-building, however, though it justifies this model, does 
not account for the fact that we never get an s-eiectron 
when we have four p-electrons in tetrahedral symmetry. 

The apparent anomaly, that if benzene is forced to take 
up two additional atoms of hydrogen the OgHg behaves 
as a far more nnsatnrated substance than OgHg, may now 
be readily explained ; for the additional atoms cannot be 
added without upsetting the hexagonal symmetry of the 
Ciirbon atoms concerned, so that the unsbrained plane 
structure of the ring is lost, and it is natural to suppose 
that the other carben atoms revert to the tetrahedral type 
and become actively tetravalent. That the “aromatic** 
properties of benzene, hexagonal angles, and apfiarent 
trivalency of carbon are associated is shown by a 
sideration of furan or.thiophen, which I draw as in fig. 3. 
These have properties very similar to those of hensttue, and, 
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again, their addition products have no aromatic properties, 
hnt are analogous to <^clohexane. , , , , ,. 

London^s hypothesis is also support^ by Mme o£ the 
facts of catalysis. The magnetic metels are the strongert 
catalysts, and seem to produce their effect with only small 
energy change, presumably by their power of orienting the 
reacting molecules so that they have a greater con^ntration 
in a position favourable to reaction with each other at the 
surface of the metal than in the body of toe gas. 

A partial interpretation can now be given of toe ettect 
of hydrogen in diminishing the paramagnetism of palladinm 


fig.S, 




The magnitude of the effect is of a far higher order than 
toe diamagnetism of hydrogen; 7'8xl0-»per c.c. at room 
temtratore against 2xl0-«. A quanti^ve agreement 
can^t be obtained till we know something more of the 
mechanism of the absorption of the hydrogen ; ^ 

evident from a comparison of the value just given with the 
susceptibilities of Oj and NO that the order of magnitade 
is consistent with toe neutralizing of two magnetons^ ot 
palladium per molecule of hydrogen absorbed. 

• PbiL M^. »cm. p. 181 (1918). 
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LXII. Crystal Structure of Calcium * 

By C. D. Niven, ALA, t. 

I N enddavouring to grow crystals of calcium, some 
were obtained which definitely showed that Hull was 
right in ascribing a cubic structure to calcium, and a brief 
description of the work will be given in the following 
paragraphs. 

As calcium reacts with glass or other siliceous substance 
it is necessary in heating calcium to use containing vessels 
of iron. At first, an en^avour was made to make crystals 
by Bridgeman^s J method. An iron tube was closed at one 
end by screwing on a cap, and pieces of caleitim were 
dropped in. The air was then evacuated and the iron tube 
closed at the top by a robber tube and clamp. The end 
at which the calcium was lying was then lowered into a 
furnace. It was found that after heating strongly and 
cooling, the calcium took on the appearance of having been 
melted, but yet it had not run to the bottom of the tube. 
Ualciuni was also placed in a pyrex glass tube and heated^ 
although it attacked the walls of the tube very badly, 
making them quite black, vet when the tube was broken 
crystals of metal could be found inside on the walls of the 
tube. It apf>eared from this that calcium had a very low 
distillation temperature, and that it might be quite possible 
to get crystals by distillation. 

Tlie furnace which had been previously used by Professor 
McLennan and the author in distilling lead was accordingly 
fitted up again. Improvements were made in regard to 
keeping the outer case of the furnace cool. A window was 
pat into the side so as to see the furnace as it heated, and 
the inolybdeiiiim strip was replaced by a new form of 
heating element. This consisted of a piece of nichrome 
wire wound round an iron crucible. The crucible consisted 
of a piece of htilf-inch iron rod about two inches long, bored 
out so that the walls were about 1/32 inch thick. In order 
to insulate the nichrome wire from the iron,alundum powder 
was mixed up with water glass to form a thin {mate, and 
smeared over the outside of the iron crucible. It was 
allowed to dry overnight, preferably in a warm place.. 
About 17 turns of nichrome wire (18-wire gauge) were 

♦ This work was carri^^d out with the aid of a Fellowship from the 
National Reseaich Council of Canada. 

t Communicated by Prof. J. C. McLennan, F.RS. 
i Proc. Amer. Acad, of Arts & Sci. lx. p. 305 (Oct 1925). 

Phil Mag. S. 7. Vol. 6. No. 37. OcU 1928. 2 X 
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coiled round the crucible, the turns being closer together at 
the bottom than at the top, and in order to keep in the heat 
more of the water glass preparation was put on the outside. 
At first a small condenser was arranged Just above the 
mouth of the crucible, but it was found that a little iron lid, 
with a hole through it for evacuation purposes, served quite 
sufficiently to condense the distilled ealcium. 

The current was read on an ammeter, and tests were 
made with currents from 10 to 15 amperes. ' 

It was easy to see with the naked eye that the crystals 
formed were not hexagonal as H. Moissan ^ had concluded. 
The four-sided pyramids could easily be seen, yet it 
was hai^ to say definitely whether they were tetragonal 
or cubic. To do this it was necessary to make a gonio¬ 
meter measurement, which was very kindly performed by 
Professor A. L. Parsons, of the Mineralogical Department, 
University of Toronto. The values of p and ^ found are 
given in the table, and clearly demonstrate that the crystal 
was a rhombic doclecahedron. The crystals of calcium were 
found to stand considerable exposure to the atmosphere. 
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In conclusion, I should like to express my sincere thanks 
to Professor Parsons for his kind assistance in identifying 
the crystal form, and to Professor McLennan for stimulating 
suggestions throughout the work. 

The Physical Labomtoij, 

Umversity of Toronto. 


LXUI. Electrual Conductivity of Aremie and Antimony at 
Low TemperatureB f. By Prof. J. C. McLeknak, 

C* D. NiVEji, MA., and J. O. Wiehelm, M.A. | 

A t the present time it is generally conceded tlmt super¬ 
conductivity is a property only of certain elements. 
In view of this fact the efforts of the authors of this com- 

s €bi^. Mend, cxxvi. p. 176S (1898). 

t This woik was earned out with the aid of a gimt of a Fellowship 
the Na:^eii^ Bes^reh Couneil of Canada to C« B. Niv^. 
t Communicated by the Authors. 









Electrical Conductivity of Arsenic and Antimony. 667 

munication have been directed recently towards finding the 
actual temperatare*resistance curves at low temperatwes of 
the metals investigated, rather than towards merely trying 
whether a particular metal was superconducting or not. 
Most experimenters seem to have been bent on finding 
superconductors, so that a great deal o( work has been done 
on the more electropositive metals at very low teinperatnres, 
while very little has been done on such metals as arsenic and 
antimony. So far as theory is concerned this has not been 
advantageous, as the electropositive elements have fewer 
valency electrons and are tJierefore simpler ; yet, before any 
theory can be eomplata, it must apply to those metals with 
higher valency and more complicated crystal structure. 
With this in mind, the authors carried out the work 
described below on arsenic and antimony. 

Arsenicm 

As crystal strncture has undoubtedly a certain bearing on 
the electrical resistance of a piece of metal, it was thought 
desirable, if possible, to get a single crystal of arsenic, and 
a considerable amount of time was spent in this connexion. 
Arsenic, when heated, sublimes before it melts, and on this 
account it was not possible to make crystals by Bridgeman^s* 
method, which, briefly, consists of lowering the metal con¬ 
tained in a glass tube slowly out of a furnace into the cool 
air of the room. When this wiis done the metal condensed 
much too rapidly and a deposit that was not a crystal was 
formed. It was quite impossible to prevent this condensa- 
iion by merely lowering the tube slowly. But the experi¬ 
ments made in attempting to do this suggested to us two 
methods of making crys^ls of arsenic, one of which was 
subsequently adopted. 

Before we describe the different tubes in which the 
metallic arsenic was contained, a short description of 
ilie furnace used will be given, as the detailed construction 
of it was a little different from that of the one Bridgeman 
used. Instead of taking a quartz tube and winding 
resistance wire round it, we took six porcelain heating coils as 
used in domestic room-heaters, aiul placed these on end. 
Ift or<ler to hold them in position, pieces of chaunebshap€^ 
porcelain were tied round them with wire and the whole 
embedded in fireclay inside two channeUshaped pieces of 
^bestos used for lagging steam pipes. The terminals of the 
six heating coils were connected in parallel to two heavy 
brass rods suitable for carrying the current. The whole 

♦ Froc. Atn. Acad, of Arts and Sc. lx, p. 805 (Oct, 1925). 

2X2 
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thing was then placed inside a sheet tin case^ which had a 
bole in the top and in the bottom. Asbestos was packed in 
to hold the farnace central in the case, and the top was then 
soldered on. The case was in turn monnted on a wooden 
stand, so that it could turn and thus allow the furnace to lie 
in a vertical or a horizontal position. In using this type of 
furnace it is important to note that the ieniperature reached 
with a given current is very different when the furnace is 
standing in a vertical position with the ends open, from what 
it is when in a horizontal position, owing to the fact that in 
the vertical position there is a strong circulation of air. 

There was no particular reason for constructing the 
furnace out of these heating coils beyond the fact that there 
was no quartz of the required size on hand at the time, and 
there was no reason for leaving the little air space between 
the porcelain packing and the coils, except that it was 
thought that the air space would conduct away a little less 
heat than fireclay or porcelain. Yet these two factors 
contributed to making the temperature of the furnace 
uneven along the inside. Wherever there was a junction 
of two heaters, the temperature was a little lower than in 
the middle of a single heater. Although it was by accident 
that the furnace was constructed with this unevenness of 
temperature, it was subsequently found to be the key to 
getting crystals to grow. 

The tubes in which the arsenic was placed were made at 
first as follows. A piece of pyrex glass about 8 inches long 
aud 0*75 cm. in diameter was sealed up at one end. A 
smaller tube was sealed into the side and l>eni round till the 
small tube pointed along the axis of the larger. The end of 
the smaller tube was sealed up, and the arsenic placed in the 
pocket formed at the bottom of the latger tube ; the whole 
tube was then evacuated and sealed off at the top. It was 
hoped that when the tube was suspeiitled, the arsenic would 
slowly distil to the bottom and form a crystal there. Instead 
of thfs happening, it was found that, while some of the arsenic 
found its way to the lower parts of the short tube and con¬ 
densed merely on the side, yet a crystal was formed in the 
bend of the small tube. It was noticed, too, that the mass 
of arsenic in the pocket gradually took on a crystaUike 
appearance against the glass. The ** arrangement of the 
mass of arsenic into a crystal was similar apparently to 
the phenomenon observed by Langmuir in copper 

crystals. This method of holding the metal at a high 
temperature until a crystal is formed, appeared therefore to 
have possibilities in the case of arsenic, but we did not 
pursue the method, as it was found possible to get a largo 
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enough crystal out of the small tube for measuring change 
of resistance with temperature. The actual crystal measured 
was taken from a tube such as the one just described. Even 
when the tube was suspended for a long time in the furnace 
it was noted that the arsenic dkl not all distil into the small 
tube at the bottom, and at first it seemed surprising that the 
crystal referred to above was formed near the top of the small 
tube at all. It was concluded that if the furnace had been 
made of one piece instead of a number of small pieces this 
could not have happened ; but because of the particular way 
in which our furnace was accidentally eonstnicted, cool parte 
existed at the Junctions of the heated coils. The tempemture 
at such a point must have been sufficiently high for the slow 
formation of t!ie crystsil, and not too high to cause it to distil 
away again from that part of the tube. 

Subsequently the furnace was turned into a horizontal 
position and merely a straight tube containing arsenic at one 
end wm pushed in. The arsenic sublimed from the warmer 
part of the tube to the cooler part which by opposite a 
Junction of two coils in the furnace. Various methods were 
employed to try and improve on the type of tube for forming 
the crystal, such as introducing a current of air in an inner 
tube inside the tulie conteining the arsenic; the condensation, 
however, was too rapid, with the result that a number of 
small crystals were Wined instead of a single large one. 
The improvement that seemed necessary was to construct a 
furnace with two chamliers which could be regulated sepa¬ 
rately and fitted with thermometers to tell Just the correct 
temperatures for the best formation of crystals, but as our 
object was mainly to get a single crystal for ^dectrical 
measiirainents and not to grow large crystals, we did not 
continue farther with the work. 

The crystal to be measured was clamped between two 
copper jaws at eitlier end. Four wires leading to the four 
jaws comprised the two current leads and the two potentio¬ 
meter leads. Orystals formed from the vapour of u substance 
display their facets and thus differ as a general rule from 
crystals formed by slow cooling of molten metal. In one of 
our crystals the direction of the hexagonal axis could be 
easily seen. Measurements were made on this crystal 
between room temperature and the temperature of liquid 
helium along the hexagonal axis. 

.Anftmony. 

No trouble was experienced in making a crystal of 
antimony from molten metal. In spite of the fact that 
antimony has a melting-point nearly as high as pyrex glass. 
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it mm fonnd that a fine bore tube did not cave in at the 
temperature of molten antimony and that it was possible 
to obtain a long thin single crystal by ibe method used by 
Bridgeman in pyrex glass. The temperatnre resistance 
curves of a crystal of antimony prepared in this way and 
also of a chip off a mass of metal were investigated between 
room temperature and the temperatnre of liquid helium. 

Remits of Measurements. 

In the work previously published by the authors, graphs, 
showing the variation of electrical resistance with tempera¬ 
ture, have been constructed measuring specific resistances 
along the resistance axis. In this communication, however, 
the more usual practice of using the ratio of the resistance 
at any temperature to the resistance at 0° ('. will be adopted. 
We do this because we wish to compare our results with 
ffiay's *. The results of the measurements are given in 
the table, and these are presented in graphical form in the 
diagram. _ 

1 Cryetal of Arecnic. j 


Degrees 

Kelrin. 

Ohmi. 


m 


MS 

: 273 

lil 

100 

} i 

1 *216 

*103 

j 20*0 

*018 

*0162 

1 ^'2 ! 

1 *014 

•3127 

i 2'42 

1 *014 

*0127 


Chip of Autimoiiy. 

Crystal of Antiwiony* | 

l>egrem 

Kelris. 

Obms. 

B/B,. 

Drgreoi 

Olimf. 

B/B,. 1 

204 

8*28 XlO-^ 

1*08 

291 

7-97xW-’> 

1 

273 

7*66 

1*00 


7*32 

1*00 1 

62 

2m 

•265 

82 

1*90 

■260 J 

20-6 

•m 

*0909 

^*6 

m 

-0^ j 

4-2 : 


*0760 

4*2 

*379 

"0791 ! 




4*43 


•0794 ! 


* Dies. Leiden, 1908, p. 61 
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By stndjing tii« diagram below we can reach some rather 
Interesting conclusions, (1) The resistance temperature 
curve o£ iho antimony crystal is not very different from 
that o£ the piece off the mass of metal. (2) The curves 
arrange themselves as would be expected from the arrange- 
ment of the metals in the periodic table. (3) The tempera¬ 
ture resistance curve for arsenic resembles that of many o&er 
pore metals. At the same time there is a very decided 



departure from the law stating that the electrical resistance 
is proportional to the absolute temperature. (4) Our results 
show that ill the case of both arsenic and antimony resistance 
at low temperatares approximates to a definite residual value. 
This property is common to most pure metals. The arseiuc 
crystal was measured to 2*42® K., and the antimony crystal 
fo 2’43® K.; neither was found to be superconducting. 

On the graph we have drawn the curve for bismatU 
according to Clay’s results; bismuUi appeaia to be unique 
in its behaviour, since, so far as is known, it is the only 
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S™^***- than 0 3 at the 
f value 0-3 is what would be 

expected if the hnear relation connecting resistance and 
tempemture held good. In general, metalf have a valuT of 
H/Ho.in l|quid a.r less than 0% and in this respect both 

bebaTiou?of othw 
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Universitv of I'oroiito, 
Jum aoth. i9^ 
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oj Cfrsium^ Cobalt^ and Chromium at 
Bp Prof. aj. i), McLeknak, 

, and J. O. Wilhelm, M,A, t 


Ctesium, 


A LTHOUGH a great deal of 
^^^pductivity of tli© alJkali 

to VS 1 I* 1«1 xarii'L i, _ . 


work has been done on the 
«‘etals >n regard 
we nor avTiM temperature and pressure, vet data 
were not available on caesium and rabidiom below th« 

temperature of liquid air at the time when Onnes and 

Kesistance of Elementary Substances at Temperatures 

:? fr. , . •^’®***‘ authors of tliis commuiii- 

^t.o„ published some data on rubidium at low temperaturei 
so that only cmsium remained to be measured. 

that nlT'"™ *■"" capillary tube similar to 

in L fi? ®e«*awng potassium and sodium, as described 
in anot^r paper §. Measurements were made at room 
temperature and at the temperature of liquy ai. uZui 

^e IZ/’fi assuminri.* valu7ter 

negS?n?-mT®l®"®® ’?• ®™'‘^isonja» Tables and bv 

neglecting any change in the dimensions of the cajsium due 

Contraction with change of temperature, the vSs of the 
EmI^T reswtances were calculated. The results are given in 
Table I. and reproducer! graphically in the diagram (p. 674). 

t ^r^uaicateil by the Authors. 

* •Sttppleniei.t, .\o. 68, 

S 1 nil. Msg-, jv. p, d86 (Aug. lW:i7). 
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Table I. 


1 ' i 

1 Oa^uim. < 

f 

Cliromiuia (aged). | 

i 

! l^rees 

1 K^htin, 

Oil ins. 

Sfieeiie 

B^lstanee. 

}>e^*eei3 

Kelnn. 

1 

Ohms. 

; 

S 

Specific t 
Besistance. 1 
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7524x10'“®: 

205 

2m 

i 

359xl0-» i 

17-2 I 

: 

18-50 

6-04 1 

80 

•655 

2*01 

i 2€NI 

469 

1-28 j 

1 

20-6 

*260 

*80 

4-J 

1-32 

•359 ! 

1 

4-2 

•258 

•79 ! 

2*2 

M9 

•324 { 

i 

2*25 

■258 1 

•79 


Cnbiilt (una^ed). 


Cobalt (aged). 

^ 1 

1 

Begraeii ■ 
Kwin. 1 

CHniis. 

, 

S|>€»cifi0 

Be^stanee. 

Degree's 

Ki»lvin. 

Ohms. 

1 

Specific 

Hcsistaoce. 

I 

t-«)xl0-* 

8-07 

^ 2^ 

211xl0-» 

6-85 ' 

1 

1 83 i 

j 

•195 

2*22 

; 83 1 

*382 

1*24 

206 

•313 

1-37 

; 20*6 

143 

1 

4*2 i 

•277 

1*24 

; 4*2 

•140 

•45 

j 

i 



1 2*5 ’ 

•140 

•45 

i 


P. W. Uridgeuian * found that cajsiuin was very com* 
pressible, and also that the electrical resistance passed 
through a ininimuui with increasing pressure, and on this 
account escsinm appeared to be an interesting member of 
the alkali group to measure at low teinpei*atures. The 
resistance of nearly all pure metals, other than super- 
condnotors, approaches a certain limiting value, so that in 
jgeneral at very low temperatures the resistance of a pure 
metal is independent of the temperature. In this respect 
caesium stands out as different from most pure metals. 
A glance at the diagram shows that the resistance of 
-cmsinm continues to decrease with temperature below 4® K. 

In Table II. values of t. e., the ratio of the rests* 

4ance at any temperature to the resistance at 0° G.—arc 

» Am. .Acad. Proc. lx. pp. 38o-421 (Oct. 1825). 
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given for sodiom, potassinm, rubidium, and caesium at the 
tem|>eratui'es of liquid hydrogen and helium. It can he 
observed from these figures that the three metals, sodiom, 
potassium, and rubidium, all approach a certain limiting 
value. Had caesium behaved like rubidium a limiting value 



of about *046 might perhaps have been expected. Spectro¬ 
scopic data give the following electronic configurations * 
for the alkalis. 


TablkII. 



Saclium* 

Polussiuttu 

Bubidiiioi. 

Cmium, 

0«^C. 

1 

1 

1 

1 

X4qitid bjdrogen . 

OU* 

■027 

057 

•007 

Liquid !3«littm «... 

*01*4 

■007 

<m 

•018 

Liq. hel* red. pr, . 

•004 

■007 

im 

•017 


* See paper bvMcIiennnn, Smitb, and Mcl^kv, Proc. Boy. Soc. A, 
cxii.p.76(1926). 
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Sodium. 2; 2.6:1.' 

Potassium... 2:2.6:2.6-: 1. 

lisbiduin ... 2:2.6:2.6.10:2.6 --:1. 

Osesium. 2:2.6:2.6. JO :^.6.10—: 2.6 — : I, 


Wb«a th«i valence electrou is stripped off tlie core is left 
complete in the case of sodium, potassium, and rubidium, 
but in the case of csesinm the fourteen 4^ electrons are 
missing. It is highly probable that iliis accounts for the 
compressibility of csesium, and it is not improbable that it 
accounts too for the temperature gradient of the electxical 
resistance persisting right down to very low temperatures. 
This explanation would be more feasible if rubidium had 
had a limiting resistance comjmrable with that of sotHum or 
potassium, but measurements do not indicate that this is the 
case. Caesium was not superconducting at the temperature 
of 2-2® K. 


Cobalt and Chromium. 

A group of elements that seem so far to have been rather 
neglected in work on electrical conductivity are those 
grouped round iron. Doubtless this wa.s due to the 
difticulty in obtaining pure samples, but last year, through 
the kindness of Mr. 0. C. Paterson, a piece of pure 
chromium was obtaine<l from the General Electric Company 
of England, and this year some pure cobalt was obtained 
from the Belgo-Ainericau Trading Corporation, New York. 
The cobalt was cut into a strip and aged in a vacuum for 
about four hours at a dull red heat. Measurements were 
made on an aged and on an unaged sample. The results of 
the measurements are given in Table I. and reproduced in 
graphical form in the diagram. It uniy easily be seen that 
the ageing had the effect of merely shifting the temperature 
resistance curve down in the direction of the resistance axis. 
The value found for the specific resistance of the aged cobalt 
at 20® C. was 6*85 microhms per c.c., and the specific 
resistances at different temperatures were calculated from 
this value. The specific resistance of the unaged piece of 
cobalt was found to be 8*07 micliroms per c.c. at 20^ C. 

The work on chromium has been described in a previous 
paper, but at l;he time when that fmper was written it was 
not possible to get the final measurement in liquid helium 
and so the results are repeated here with that reading added. 
The chromium was measured at 2'25®K. and the cobalt at 
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2 5®K. ; neither was found to he superconducting. It was 
found that both cobalt and chroinitiiii had very sinull 
tent[>6ratare gradients below the temperature of liquid 
hydrogen. It appeared, in fact, that the resistance of cobalt 
or chromium at low temperature was almost iiide|ieiident of 
temperature. 

Table III. 


Cliroioiuin. Iron. Cobalt. Nickrl. C<>p])er 


B/Kaatliq.air. 132 0848 “JO*-' 180 144 

B/B, at liq. hydr.. 059 0113 *076 -OtW -0015 

Sp. reaist. at 273’K.... 15-25 8 83 615 6 S» 1-59 

8p. resist, at 20-6«’K.... -'.iO 101 -46 -39 00-24 


The value 6 85 microhms for the specific resistance of 
cobalt at 20^(1 is much lower than the value given in 
Smithsonian tables, but is close to the accepted specific 
resistance for nickel at 20® U., namely 7'5, The value 
given for iron is 8*8. In Table III. values of B/Hy 
are given for chromium, iron, cobalt, nickel, and copper at 
the temperature of liquid hydrogen. From the^e values 
and the specific resistances of the metals at U® (J., the sjiecific 
resistances at liquid hydrogen temperature were calculateii. 
The values are given in the lowest line of the table. Tlie 
values for li/K^ at liquid helium teiiiperuture for iron, 
nickel, and copper were not given in Onnes aiiid Tuyll^s 
data, and the original papers had not become accessible at 
the time of writing, so that it has not been possible to 
calculate the specific resistances at liquid helium tem¬ 
perature. 

In comparing the specific resistances of different elements 
it is customary to coinj)are the values either at room tern* 
perature or at 0® C. When the values differ widely it is 
not of much importance what temperature is taken tor the 
comfmrison^ but if the specific resistances are close together 
the order of magnitude may change at different temperatures. 
It is therefore of importance to decide what temperature 
should be chosen for comparing sjieeific resistances; it seems 
almost obvious that the ideal temperature for making a 
comparison would be the absolute «ero. Measurements 
cannot be made at that temperature, but on account of the 
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faat that the tempeiuture gradient is practically zero for 
many metals at low temperatnres, one can employ nieasnre. 
ments at slightly higher temperatnres to make comparisons. 

It was with this in view that the last line in Table 111. 
was ualcnlated. It appears that ulthoagh iron is a poorer 
conductor than either cobalt or nickel at room temperature, 
yet at low teniperatare it is much superior. No measure* 
ments have been made on manganese, and therefore it is 
perhaps rather too early to press conclusions. Nevertheless, 
the figures seem to indicate that as one jiasses from 
chromium to copper, the resistance falls from a high value 
for chromium to a low one for iron, and then rises again for 
cobalt and nickel and falls eventually to a very low value 
for eop{>er. This increase in the value of the specific rtsis- 
tance for iron is very interesting from the point of view of 
atomic structure. If the electron configuration for iron be 
taken as 2 : 2.6 ; 2.6.6 : 2, when the valence electrons are 
stripped off, a system of six 3j electrons is left. This is a 
comparatively stable syttera, although of course ten 3? 
electrons are required for complete stability. On the other 
band, when two valence electrons are stripped off cobalt and 
nickel, a system of seven and eight electrons is left. 
In the case of copper, when one valence electron is stripped 
off, all the ten dj electrons are present, and an excellent 
conductor results. It appears then, for a metal to be a 
good contiuctor, the electron systems of the core must be 
completed. If this be so, the reason for the resistance of 
iron lieing small at low temperature.s can be accounted for 
if six ^3 eleclrons form a fairly stable system. Finnd, in 
dealing with the magnetic properties of the rare earths, 
found that when six electrons had filled into the 4^ system, 
the magnetic susceptibility fell almost as if fourteen 
electrons had completed the system. In offering this 
explanation for the behavionr of the electrical conductivity 
of the iron, cobalt, and nickel group, the possibility of 
any of them having three valence electrons has not been 
considered. It must be admitted that an asssumption has 
been made here, but it seems a very reasonable one. The 
point that is stressed throngbout this communication, both 
in connexion with the alkalies and with the iron group, 
is the importance of the structure of the core of the atom on 
the electrical conductivity of a pure metal. 

Phyncal Labarato^, 

University of Toronto. 
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LXV. The Effect of Cadmium as att Impurity in head on the 
Conductivity of Lead. By Prof* J. C. M 0 I 1 KKHAK, EMM., 
C. D. Niven, Jfcf. Ji**, anrf J. 0. WiiHEtM, M.A. f 

A GRBAT deal of effort 1ms been expended on obtaining 
pure metals for the investigation of electrical 
resistance at low temperatures be<muse the important effect 
of impurities on electrical resistonce hae always been borne 
in tiiifid b^ any experimenters in investigating whether a 
metal were a snpereondnetor or not* Indeed, when a metal 
did not turn out to be a snpereondnetor it was always 
doubtful whether or not the little impurity—^whieh is nearly 
always {present even in the purest attainable samples of a 
metal—^^was sufficient to account for the small resistance at 
very low temperatures. Recently, opinion has strongly 
favoured the idea that a residual resistance may be expected 
for most metals at the lowest temperatures. At the same 
time, if resistance at higher temperatures is so greatly 
affected by an impurity, two questions Seemed to us to be 
worthy of investigation, firstly, whether or not a slight 
impurity in a superconductor spoilt its superconductivity at 
the superconducting temperature, and secondly, whether the 
temperature at which the superconductivity appeared 
changed with the amount of impurity. 

In entering this field the authors of this communication 
realized the enormous complications that could arise in the 
results. When the metals are mixed to form an alloy they 
may either form a mechanical mixture or they may form a 
solid solution, or they may form a chemical combination. 
If a mere mechanical mixture were formed the mean con¬ 
ductivity might be expected, and when one of the constituents 
became superconducfing probably the whole alloy would. 
On the other hand, if a solid solution were formed a totall v 
different curve might be expected from the temperature- 
resistance curve for the pure metal, and it might be that 
iihe superconducting property disappeared altogether* Again, 
there was always tW possibility that a solid solution at room 
temperature might undergo a change at low temperatures, 
andi this introduced a further complicatiou* 

Very little work has been done on alloying super- 
oouduetors. Some work has been done at Leiden J by 

♦ This w<^k was eimaed out with the md of a grant of a Mlowshtp 
from the Nafioual Research Couseil of Canada, 
t Oomnuinkated by the Authors* 

% Leid^ Oomm* No, ISl* 
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Tayn und Kanierlingh Onnes on an alloy of iin. and lead, 
but the authors have not come acro!>s any other work. An 
alloy of tin and lead is an alloy composed of two super¬ 
conductors, and it is not surprising at first sight that the 
alloy should have been found supercoiidncting. Yet on 
further consideration this does not seem a necessary 
consequence of the mere fact that the original metals were 
superconductors. Had the metals formed a solid solution or 
chemical compound, why should we expect the alloy to be 
superconducting? 

The problem of superconductivity has not been treated 
satisfactorily by any tSteory up to the present, and on this 
account there seemed to be no reason for not collecting data 
and ascertaining some empirical facts about the effect of 
adding impurities to a superconductor on its resistance at 
low temperatures, even tiiough they could not be clearly 
interpreted. 

Apart from the complications attendant on the formation 
of solid solutions and compounds, we realized that before 
any conclusions could definitely be drawn from our method 
of attack a great deal of work might be necessary. There 
are five sujterconductors, and with each of these probably 
6 or 8 different metals should be alloyed. For each of these 
combinations a whole series of alloys should be prepared 
and have their resistance-temperature curves determined. 
The results, therefore, communicated in this paper must be 
looked upon as a mere beginning of what may be expected 
from a somewhat extensive programme, yet we think them 
of sufficient interest to publish, as they show that a metallic 
impurity in a superconductor will not necessarily eliminate 
the property of supercondnetivity. 

Tile alloying metal chosen by us vras cadmium and the 
superconducting metal was lead. We chose lead as it was 
possible for us to get a very pure sample of that metal from 
the Bureau of Standards. In some ways lead was awkward 
to measure at low temperatures as it became superconducting 
about 7°K. On this account great care had to be taken in 
handling the helinm liquefier. It was necessary for 
conditions to be upset sufficiently at the nozzle so that 
liquid helinm would not “ make,” and so that the 
temperi^ure remained constant. A helinm ^^is thermometer 
at the side of the liquefier indicated when the temperature 
was st^dy. The temperatures were r«id on a constant 
thermometer. In reading the temperatures we assumed 
that the temperature-resistance curve for constantan was 
linear between the temperatures of liquid helinm and liquid 
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hydrogen. This assumption is justified from work by 
Onnes and Hoist*. Due to the difiSculties of holding the 
temperature constant and in reading its absolute value 
accurately, the value found for the superconducting tempe¬ 
rature of pure lead was a little lower than what we found 
it two years ago, and on this account we measured the 
resistance of a piece of pore lead along with that of the 
pieces of alloyed metal. We were thus able to tell if 
the alloy were superconducting at the ^me temperature 
as the pure metal or not. This question w’asof much greater 
interest to us than the question of fixing the absolute value 
of the temperatures by which superconductivity appeared. 

The cadmium was distilled as a precaution in case it was 
not pni^j and alloys containing about 0*1,1, and 3 per cent* 
of cadmium were prepared as follows :~The lead and 
cadmium were accurately weighed out and placed in a pyrex 
glass tube which was evacuated and sealed off. The tube 
was lieated until the metals melted, and was then well shaken. 
In order to measure the specific resistance a part of the 
alloy thus formed was run into a glass tube of about 2 mm. 
bore through a fine constriction to keep back any surface 
contamination. If the dimensions of the sample were to be 
accurately determined, it was important to get the alloy to 
solidify in the tube free from pit-marks, and the tube was, 
therefore, placed in a furnace we had formerly us#*d for 
making crystals and not merely heated in a bunscn flame. 
It was very important to get the glass broken off without 
damaging the surface. The cross section of each sample 
thus obtained was measured in five different places in a 
length of about 4 cm. The length was taken between two 
steel points which carried the potentiometer leads. 
In this wa}" the specific resistances of the alloys we prepared 
were measured at room teiiipeniture, and we wore thereby 
enabled to represent the temperature-resistance curves of 
different alloys on the same diagram. 

The remaining portion of each alloy was run into a fine 
glass tube and used for obtaining data for the resistance- 
temperature curves. The dimensions in this case were of 
no consequence; it was of greater importance to get a 
reasonably high value for the resistance. Pieces of two 
difiTerent alloys and a piece of pure lead were mounted on a 
piece of red fibre, and wires were soldered on in such a way 
that the samples were connected in series. A pair of 
tapping-off or potentiometer leads were soldered to each 


♦ Laidea Comm. No. 141 a. 
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E‘ E„r 

iiqaefier; in addition we i * out irom the faeliam 

consfcaatan thermometer. “ ^ ‘ 

temperaturrof aiTan^JI' ^^“P*™*^**™ and at the 
aboie, measnremLte wlrTm^T-^ Mrogen. As described 
the conditioners? the bdmm liqneBer with 

all the alloys wluob we had nSS ®“*’P"®e that 

ye wnien we had prepared were snpercondncting 


Biaoeah I, 



the three alloys con^inini; 0'i27 ner ®?®f”'^®®“t8 of 
an<l 2*76 per cent, of cadmfnm are^®; ^’*®jP®*' <»«*•» 

in Diagram I. A glance at the df *** ^phical form 
carves for the alloys containing O l 27 ^n^ 1 *l*Q^“ *^® 

cadmiain at highei teintSStofe? 11 ^ per cent, of 
to the curve for pare lead and in .. j^PP’*®**®®*®^^ parallel 
dWe„.t t£ .Uo, “--“V 

appeared to us to be rather interesting, and we Sl'idoJ^S 

s 7 nt* » V 

-rAii. S* 7. Vole 6, No. 3T. OaT. 2 Y 
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As spparenily all the alloys we had made so far were super- 
condnkng, we thought it would also be interesting to make 
up an alloy with a larger impurity still, such as 5 per cent. 

Two alloys were therefore prepared, one containing 5 19 
per cent of cadmium and the other 1*88, and wires of them 
were mounted on the piece of fibre in place of two other 
alloys. They were measured at room temperature, and 
at the temperature of liquid air, and liquid hydrogen, 
and finally in the helium liquefier. With tlie experience 
we had had previously we succeeded in improving our 


Specific resistances of Lead-Cadmium Alloys 



technique considerably. In the first place we had leanied 
how to control the liquefier so that the temperature remained 
steady for a fair length of time, and in the second place 
we twk the leads from the pure lead to the pair of terminals 
on the potentiometer that we had previously been using for 
the standard resistance. The batteries were sufficiently 
<mtutsat so that when once Uie current was known by 
a measuiwent of the standard resistance, there was no 
further need of having the latter attached to foe potentio¬ 
meter. By havbg the pure lead leads attached to tbew 
terminals it was possible to switch instantmieonsly from the 
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—«.* te W.TiLt VJXiS f s: 

befora and after cooling to 7°K. 



l*BB% Cadmium. 
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7*0 
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alloy at two-tenths below. This <ie«tn«l ^ „ 

fact that the amount of Llmium Xtl 5 

at which the resistancforan Xv o?h1 

did not affect the temperatnr^at wJi^h ft ^ *’"* 

saperconductivity started to make its appeariLw!””®"®” 

oalcula^ LTSrgmph**iSs pfih Tt t^^’foand that 

h%h;; 

tem^rature, »d as a rough guide in^rawing The cT^^ 
it was decided to take a measurement in alwhol i^Ied 
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with liquid air down to about 220° K When ^ 

done, and the corresponding point put 

was found that we had to draw a curve 

in it to pass through the points. It was i^noluded ^me 

mistake had been made, and as a pre^ution the 

liquid air of the 1-88 per cent, and the y l9 per cent, allojs 

were repeated. NeitLr of the readings when repeated 

agreed with the previous readings. Eepeat measurements 



were made at room temperature, and these did not agree 
with the original measurements either. »ep^t 

misurements were made in liquid hydrogen. The r^ults 
were plotted for both the alloys (1-88 and 5*19) and we 
found that for each alloy there ?;ere two curves. The 
curves are shown in Diagram II. We think the change in 
resistance is due to the cooling to very low temperatur^ 
a sort of ageing effect has probably taken place, ^is 
is supportelby work we have done on ageing eoWt 
and Emium, which showed that ageing had the effwt 
practically of shifting the temperature-resistance curve 
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fh «ll° *^*,‘^**'®®**®“ ***0 resistance axis. In the case o£ 

different approximately constant 

^peat measurement were made on the alloy containing 

thr./ r ^nt. cadmmm, and when these were plotted 
the constant dififerenco of resistance was again apparent. 
Ihe n easurement in hydrogen for this alloy was made 

th^Li'/* the helium Hquefier, so that 

Jr hydrogen temperature before the cooling 

to 7 K 18 not known. Headings are given in the table in 
* /af? headings “after"’ and “before”— 

« !ff » had been in the liquefier and before. No 

after readings are available for the 0*127 per cent, and 

the^i.We‘’«f^'fif resistances had been taken off 

ob!eJv3! ^ phenomenon had been 

^ P*"®!® conclusion as we should first 
iike to investigate much more thoroughly this strange 

invta^ phenomenon. New questions at once arise; for 
Iftr 'T t®“P®'-?t“«-e is necessary for the effect to 
place. or, has time any influence on the ageimr ? 
or again will cooling a second time to the supercondnctmg 
temperatnre produce a farther change? Until such que£ 
ions be answered it is premature to say whether the effect 
^ due to a separation of a solid solution into components or 
merely to some alterations in crystal structurL At aU 
events, since a cadmium-lead alloy containing as much 

ft he superconducting, 

atnmo ^ *1 P''®h<*hle that there is a continuous chain of lead 
atoms in the superconducting state of the alloy. 


^ o? j’ iride/iee of the Esiistence of Appregates 

F T Atoms tH (erases contmninp jRadon/ Bj. 

[Plate VIL] 

TLJLLE C. CHAMifif recently described experiments 

XTX fiiving photographic evidence that radioactive material 

of various kinds when introduced into mercury exists in the 
orin ot aggiegates rather than as individual atoms, regardless 

f xnS ^“‘herford, 

t Mile C. Cliaiiii4, C M. alxtxly, p* (10S7). 
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of the method employed in activating the mercury. Later 
experiments * definitely indicated that these aggregates were 
in general not due to the association of radioactive atoms 
within the mercury, at least not solely, but actually existed 
as such before the introduction of the radioactive material 
into the mercury. In these experiments the aggregates 
were obtained from surfaces exposed to emanations and 
from surfaces activated in various solutions* Wmm both 
theoretical and practical standpoints it is imporfcsnt to know 
whether in the case of surfaces exposed to emanations the 
aggregates form in the body of the gas and are deposited as 
such, or whether the process of aggregation takes place 
with atoms deposited individually on the surface exposed. 

Certain work by Mme Curie % by Makower and Russ J, 
and a number of others point definitely to the former 

E rocess, though the latter may also function. This report 
as to deal with a somewhat different line of experimental 
investigation of this problem. 

Experimental Methods and Results* 

Since Mme Curie^s work indicated si part played by 
gravity in the distribution of the active deposits on surfaces 
exposed to emanations, it was believed that by centrifuging 
tubes containing radon the distribution of active deposit on 
the walls should be affected. The experimental arrange¬ 
ment for measuring the distribution is indicated in fig. 1. 
Air-radon § mixtures were introduced into tubes such as T, 
and the latter mounted in such a way as to be adjustable in 
position along a vertical guide S provided with a scale. 
Two lead blocks LL situated between tliis guide and a 
gamma ray electroscope E were separated by a space of 
1 cm*, thereby forming virtually a slit. This limited the 
gamma radiation reaching the electroscope to that due to 
the portion of the tube immediately in front of the opening. 
The rate of fall of the electroscope leaf over a certain range 
of the telescope s<^le was taken as the relative activity of 
that portion of the tube in front of the slit. 

Curve A of fig. 2 shows as a typical case the distribution 
of aetiirity along a tube enclosing an air*radon mixture at 
atmospheric pressure^ and containing 15 miilicuriesof radon. 

♦ Id., ibid, dxxxv. pp. 770,1277 (1^7;. 
t Curie* MadioaetiviU, 

X Makower and Ru8.s, Pbil. Mag. xix. p. 100 (1910)* 

§ The writer is indebted to Mr. G. R, Crowe for asaistanee rendered 
in connexion with the radon supply. 
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ordinate at any point indicates the activity per unit, 
length of the corresponding portion of the tube. After 
deternuning the activi^ distribution in the tube it was 

fv. 1. 



Experimental arrangement for determining the distribution of 
aetiTit^ a tube. 


Fig. 2. 



Car f09 showing the eflfect of centrifuging on the distribution of 
activity along a tube. 

in a motor centrifuge (rounded end of the tube 
pointing outward) and centrifuged at about 1750revolutions 
per minute for a period usualiy of the order of 30 minutes* 
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Since the circle described by the enter end of ^ 

had a radios of 15 cm., the centrifngal ^ 

the particles near the end of the tnbe was font 500 times 
that exerted by gravity on the same 

the short, mean life of some of the prodnete, Ae advantage 
cf this method over one depending on gravity “ ^vions. 
Onrve B of fis* 2, representing data taken immediate y 

rfto ft. oitfeg. 

distribution cansed thereby, obviously due to act e 
material being thrown to the outer end 
magnitudes of the effects produced 

from unobservable ones to effects ®o”Siderahly greater ^an 

that shown in fig. 2. They increase with the partial 


Fig. 8. 


A 



Tub® used to show that aggregates exist ia suspenaon m the 
body of the gas containing radwi. 


pressures of radon and of water-vapour and with the total 
Lessnre, and depend somewhat on the shape ot the tnbe. 
It is of interest to note that Mme Cnrm a amiik 

dependence on these factors in her work on the effect ot 

*^7^ likely that in all eases a part of the effect of cent”- 
lujring is due to aggregates loosely attached to t^ wall 
beSg^dislodged and thrown to the outer end of the tube. 
But lie ^t that the filter through which the radon mixture 
is removed always shows some activity, and the ^fnljs 
shown by the following experiment, indicate that a dehnite 
portion o7 the material affected must come from the My 
if the gas. A strip of brass 

and inrertod into a tube as indicated in fig. 3 («), the 
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horizontal portions o£ the strip, or the “steps” of the 

ladder,” effectnally divide the length of the tute into such 
short sections that any material dislodged from the walls of 
the tube during centrifuging would be unlikely to reach the 
middle portions of the steps. In one case the tube was 
centrifuged during the entire time (45 minutes) the radon- 
air mixture was in the tube, and in another case the radon 
was left in the tube overnight before centrifuging. In 
each ease after removing the radon the tube was opened and 
the middle portions of the steps were cut out and laid on a 
photographic plate—the first step vrith the upper &ce up, 
the next with the upper face down, the next up, and so on 
alternately until the steps were all lying side by side in a 
row on the plate. This was then covered by another sen¬ 
sitive pla(e and left for about 10 minute. On development 
each plate showed a row of alternaiely darker and lighter 
spots, and in every case the darker spots were due to 
exposure to the upper faces of the keps, t. e. to the faces 
pointing towards tiie axis of rotation of the centrifuge. On 
repeating the experiment but omitting the centrifuging, spots 
of uniform density were obtained. 

The tube shown in fig. 3 (&) was used in a farther test of 
the same sort. Here the tube was divided by a circular 
mica partition. After the centrifuging and removal of the 
radon the mica was placed on one photographic plate and 
covered by another. The results showed the upper face to 
have received the greater deposit. Fig. 4 (PL VII.) shows 
a greatly enlarged view of a portion of the plate exposed to 
the upper face, and indicates that in addition to a general 
distribution the active material is collected in aggregates 
distributed at random. 

These experiments pointed definitely to the conclusion 
that the aggregates existed in suspension in the gas, and the 
size of these atomio groups, as suggested by their photo¬ 
graphic action, indicated the proWbility of seeing them 
ultramicroscopically. Mme Curie (Z. c.) and others have 
indeed reported having observed very persisting clouds in 
chambers containing gases including emanations and water- 
vapour. For a test of this a small brass chamber was con¬ 
structed and filled with a radon-air mixture, and then 
examined nltramicroscopicaUy by an arrangement similar to 
that described by Whytlaw-Gray *. Intense illumination, 
carefully atljusted, was required to make the particles 
visible, when they appeared as tiny “stars” exhibiting 

• Whytlaw-Gmy, Ptoc. Iloy. Soc. di, p. 600 (I9i3). 
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Brownian movements and drifting with the convection 
currents. An electric field, established between the central 
wire and the brass case by connexions to the D.O. mains, 
quickly swept the particles to one side. Even when the 
field had been left on for some time, only a comparatively 
short time, say 10 or 15 minutes, was required to elapse 
before particles again began to appear in the field of the 
microscope* The variations in tihe intensities of the stars 
and their activities in Brownian movemwts suggested a 
certain variation in their sizm^ The particles visible in a 
freshly-filled chamber seemed to have higher mobilities than 
those visible later, but, except at first, littie change with time 
was noticeable. This is due no doubt to the attainment of a 
condition of equilibrium in which the particles seen range in 
size from the smallest visible to the largest pennitteS by 
gravity to remain in snsjjension, new aggregates forming 
and growing and old ones disappearing owing to gravity 
or diffusion. Work along this line is being continued. 

The question as to whether the particles detected ultra- 
microscopically are aggregates of radioactive atoms or 
merely dust requires consideration. In the first chamber 
used the radon-air mixture introduced bad been previously 
used in a number of experiments like those described above, 
and this involved its being filtered a number of times through 
a cotton-wool plug ; and it was again filtered as it was 
introduced into the brass chamber. Moreover, the appli¬ 
cation of the electric field should have disposed of any dust 
escaping all these filterings. However, the second chamber 
used was constructed as a miniature Wilson expansion 
chamber. It contained some water and was filled with 
filtered air only. Attempts to see particles were all un¬ 
successful ; but when this same chamber was filled with a 
radon-air mixture similarly filtered, the particles were visible 
at once. Neither repeated expansions nor electric fields 
temporarily applied could permanently rid the field of 
particles, though such treatment should certainly have 
removed any dust. As further evidence on this point, it 
may be mentioned that, in some of the experiments on 
centrifuging first described above, the same tube, remaining 
hermetically sealed, was used on successive days without 
any apparent change in the definiteness of the effect produced 
by centrifuging. 

The above experimental results are entirely in agreement 
with the experimental evidence obtained by others, and all 
considered together leave little doubt as to the actual 
existence of aggregates of i^dioactiva atoms in suspension 
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if Certain other experiments^ 

ot which the details are considered nnessential, will be 
mentioned m connexion with the next section. 

It was felt that photographic evidence of these aggregates, 
obtained by inethods similar to those described by cffamid^ 
(/. c‘.) or by Muhlestein • would be useful. The sensitive 

&rrbr® following manner. As soon. 

“ removal of the radon mixture as convenient the 

ibes were opened and the inner surfaces rubbed by a wire 
or a small steel ball mounted on a wire. The latter, bearing 
a cerfem amount of loosely adhering active material, wm 
then topped on the plates. These, on being developed,, 
indicated that the spots of the gelatine actually tou^d 
became heavily infected, but there was also a scatterin<r of 

““1 aggregates obtained else¬ 

where on the plat^ blow plates and slow development 
were found best Fig. 5 (PL \ril.),isa microphoto|raph 
showing the random distnbution of aggregates thus obtained 
on the plate.s. iig.s. 6 and 7 (PL VIL) show individual 
lialoes at a still greater magnideation. The “radiant”^ 
appearance is due to individual alpha particles from the 
agpegate passing through the air for different distances 
before striking the gelatine layer. When by a suitable 
arrangement a layer of mercury was left on the plate dnrin tr 
exposure, all alpha particles except those having paths 
wholly within the gelatine were absorbed. The tract of 
the alpha particles thus obtained are sobstantially equal in- 
Jength, and define a circle having a radius equal to the range 
^Di^vrS^® particles involved. Figs. 8 and 9> 

uL - 1 different magnifications of the circles thus 

obtained. Measurements on one hundred different diameters 
and involving many different circfe.s and plates gave a mean 
value of appro.ximately 58 microns as the achlal radius of 
the circles on the original plates. Any plate will in¬ 
general show circles having wide variations in the number 
ot tracks radiating from the centres, some with only a few 
isolated tracks and others with so many as to make a solid 
black circle. Ihe numbers of atoms in the aggregates^ 
must vaiy similarly but the actual sizes of the aggregates 
are in general much too small to affect appredably the 
diameters of the circles obtained. ^ 

Discussion. 

The tendency of radioactive atoms to form aggregates 
was observed early in the course of experimental study by 
* Muhlestein, Archives des Seienees, 6th, iv. p. 38 (1922). 
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different observers ** As to whether in the ease of 
•emanations this aggregation took piaoe in the body of the 
gas or on the snrlkoes exposed to the etnatmtions seemed 
less certain. No doubt existed as to the presence of the 
-active deposit atoms in the gas containing the emanation, 
and in tlie light of the resnlts obtained by otb^^s together 
with those described above. The obvious conclusion wonid 
seem to be that these atoms exist, at least in part, in the 
form of aggregates in suspension in the body of the gas* 

Evidence as to the nature of the particles is more indirect, 
»but yet suggestive. The importance of the presence of 
water-vapour raises the question as to whether the particles 
observed are minute drops of water incorporating a load of 
radicmctive atoms or whether they are aggregates of the 
latter, including or absorbing water-vapour molecules to an 
•extent determined by the partial pressure of the water- 
vapour. Those who have held the former view as to their 
nature have had to assume the presence of chemical com¬ 
pounds of some sort, say nitrogen oxides due to the action of 
the emanation on the air, in order to account for the jier- 
sistence of these drops in an unsaturated atmosphere. But 
Mme Curie t was able to observe the gravity efiect also in 
•carbon dioxide and in hydrogen, and the present writer, in 
the course of experiments on centrifujring gases containing 
radon, substitute argon for air in certain cases without any 
•observable change in the nature of results. This would 
seem to preclude the probability of any chemical action being 
essential to the formation of the particles. Vapour-pr€*ssure 
-considerations would scarcely support the idea of the form¬ 
ation of minute drops of water in a uon-saturated atmosphere 
in the absence of chemical compounds of some sort That 
itbe effect persists even at very low vapour-pressures was 
seen from the following test. A tube containing the usual 
radon-air mixture with saturated water-vapour and also 
giving a marked effect of centrifuging was mounted with its 
lower end dipping 1 centimetre into a mixture of ether and 
carbon dioxide snow during the period of attaining equi¬ 
librium The distribution of activity along the tube was 
then determined, after which it was returned to its former 
portion long enough to offset the effect of any rise of 
temperature occurring during the faking of the observations, 

♦ For detailed refereaees consult Curie, MadmaeMviU ; Hntherford, 
Radioactive Substaiictjs and their Radiations or Meyer and Scliwridler, 
Badioaktivitat, 

t Mme Curie, MadioaetimU, voL i. p, 371, tigs. 

I See Poynting and Thomson, * Properties ot Matter,* 2nd ed. p. 1^. 
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It was then centrifnged and again tested with the nsual 
positive indication of active material having been thrown to. 
the outer end. A second trial with argon substituted for the 
air gave like results. The vapour-pressure in these cases 
was certainly ranch too low to permit the formation of drops 
and any excess water was frozen to the bottom of the tuL^ 
before the tube was centrifuged. In the ultraraicrosoopic 
study mentioned above the observed particles were removed 
by an electric held temporarily applied, and from the vaponr- 
pr^sure considerations referred to above one would e^ct 
that it any later condensation takes place it would be on the 
water snrfaces already formed. It would appear then most 
unlikely that the new particles that appeal later were 
drops ot water. Furthermore, Rutherford and others have- 
tound that for the greater part the active deposits carry 
positive charges. It is known from observations made with 
the Wilson expansion chambers that.drops of water form 
more readily on dost particles or on negative ions than on 
positive ions, and in these experiments there conld have 
been no shortage of available negative ions. These and 
certain other considerations have led the writer to the 
conclusion that the particles observed in non-saturaied waiea 
containing radon are not drops of water, but are airgre^Lg 
of active deposit atoms. In saturated atmospheres no doubt- 
l>oth tyjies ot particle may exist. 

The Origin of the Aggregates, 

It would appear that [larticles might originate in either 
or in both of two ways. In the first place, the photographic 
evidence c early proves that these aggregates do «ist on 
•surtaces which have been exposed to emanation. Makower 
and Rnss (/. c.) and Uwson *, among others, have definitely 
proved the reality of the « aggregate recoil in other words 
that when a member ot an aggregate of radioactive atoms*^ 
say on a plate, ejects an alpha particle in the direction ol 
the plate, not only the parent atom, but the entire aggreirate 
containi^ this atom, may be thrown from the plate by 
recoil. Ihi^ then, offers one way of aoconnting for the 
found in snapension in the gas. 

It appears probably however, that most of the aggregates 
are actually termed in the gas itself. In the experiinents 
described above there were atoms of radon and of snbseqnent 
members of the series, molecules of air of water-vapon^ and. 

* lAwsan, TFiVs. Ber. cxxrii. p. 1315 (1018); cxxviii. p. 795 (1919). 
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of unknown other kinds present in the iub^ employed* 
This mixture was subjected to the intense ionizing uction of 
alpha, beta, and gaintua rays and of recoil atoms, and there 
must have resulted a corresponding variety of ions, some 
positive, some negative. That atoms of active deposit 
genemlly carry jiositive charges has been repeatedly observed, 
*and that a considerable number carry negative charges was 
indicated by the tbllowiiig test:—Three long narrow plates 
were mounted parallel to and symmetrically about the axis 
•of a glass tube into which the usual radon-air mixture was 
introduced to a pressure nearly atmospheric. Two of these 
plates were connected to the terminals of a 200-volt D.C. 
dine, and the third left insulated. After due exposure the 
plates were removed and placed on a photographic plate. 
The latter on being developed showed that the cathode had 
woeived a much heavier deposit than tiie anode, but that the 
anode had received a very definitely greater deposit than 
the third plate. Since, then, active deposit ions of unlike 
sign do exist, there must be combinations betvveeu them in 
addition to the many other kinds of combinations possible 
with such a variety of ions. If in any combination only 
TOolecules of gases are involved, these molecules should 
separate at once and be as independent as they are normally. 
But if the ions, whether simple or cluster ions, included two 
or more atoms of radioactive or other substance normally 
existing as a solid under the conditions of the experiment, 
there appears to be no obvious reasons why these should 
separate. On the contrary, every consideration indicates that, 
>they should remain together. Moreover, at least a certain 
proportion of the molecules of air, or especially of water- 
vapour, included in the uniting ions would be expected to 
remain in tlie resulting group or particle because of the 
iendency of such molecules to become absorbed on solids. 
Therefore in such a mixture of ions the prolmbility of 
'Combinations of permanent nature is very high. Once a 
nucleus of an aggregate is formed, the chance of further 
acquisitions increases with the growth of the aggregate, 
•since its mobility and therefore its chance of reaching the 
wall must decrease, and its probability of being struck by 
other particles or molecules must increase witt its size. 
This growth should continue until it is removed by difiTostcm, 
%y ele^io field, or by gravify. 

Wb^her the aggregates known to exist on the surfaces 
exposed to emanations originate thus or actually form on 
ihe wall will not be discussed here; but this theory would 
-explain the experimentally observed fact that these aggre- 
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LXVII. Molecdar Coh^non, By G. A. ToMLmojf, B.Sc* 

[Plate Vm,} 

( 1 ) rpHE amoptof well.«8tablished knowledge concerninfl- 

limited «»teratoinie forces is very 

hmit^. Within recent years the theoretical aspect of tfai 
ctpstion has received much attention, and a Lm^r 
interesting and sag^stiys results have hew obtain^ W 
methods* It is fifenenllv orr m rfl k ^ 
that tb. problon. .£.k.„i. f,,.* 1 ST^olyXS 

• Cominuiucated by Sir J, E. Petavel, K.B.E, F.RS. 
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telTc^'or * “XT#, toe, Ih. »orm.U»l..<» 
the molecules. among the atoms ot a solid, we 

for that the ftoms also exert a repulsive 

are compelled to snpp<»o . , ^ujoJ, there appears to he 

force on^each other, a «««« tf^t the sum of the 

hardly any positive kno the sum of the 

repulsive forces to think that the repulsion 

attractive torces. Ih -j^ter rate than the attraction as 

falls off at a therefore has a smaller held. Simple 



this to be so. . forces must be recog- 

Several distinct atomic a affinity, the binding 

nized, such as the the cohesive attraction 

force in polyatomic ^ molecules. The cohesive 

exerted generally inverse function of the 

force is some ™P , 5 . very varied suggesbons 

distance between the ‘‘‘f^ablo law of force. Many 
have been * \ave reasons for believing that 

years ago, Sutherland . according to an inverse 

gaseous and liquid mo ec nnblished a kinetic theory of 

— «». n. 0 .e. 

cules attract according to a law, force jf, m w iic m is 

the mass of the "nd^Antonofff from 

favouriiig an inyerse sq oTuygests an imrerse fonrtli 

surface-tension phenomen ga^es that the 

P°T‘ K wrindex i^ -5. In his Cantor lectures on the 

most probable index « o 

• Phil. Mag. x»v. aadxxvu. (1889> 

+ Phil Mw. XXII. (leap- 

t Proc.Phy*.^.«‘J“- 
S 2eii. Piyt- C^.: 
u Phil. Mag. xxxvii. 

I Phil. xxxvi. , 

. *1 Proc.Bov.SOc.cxn. 
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strnctare of meiala, Boseahuin * mentions an inverse cube 
law as a probable description of the forces betw^n mejteUie 
atoms. Finally, Edser f has suggested that it is ne<^sary 
to consider a higher index than any of those already 
mentioned, and regards •—8 as being more probable. 

(2) The present paper gives a description of some experi¬ 
ments in which the force of adhesion between fibres and 
spheres of glass or quartz can be observed and measured. 
The results obtained experimentally are then compared with 
those to be expected bv calculation, if the molecular atirms- 
tion follows a law FasKd”**, different integral values being 
allotted to the index n. There is no very strong a priori 
reason for thinking that the force between two atoms can be 
described by a simple inverse law, snch as the above, in which 


Fig.l. 



n is an integer ; but, ou the other baud, as the above refer¬ 
ences show, there is such diversity of opinion as to the 
approximate law of force, indices of 2, 3,4, 5, 6, and 8 being 
suggested by different writers, that any evidence in support 
of a particular integral index may be considered to be a. 
small advance in our knowledge of the nature of the 
attraction. 

If two freshly-drawn fibres of glass or quartz are brought 
into contact, they are found to adhere, and, on separating the 
fibres, the force of adhesion causes a mmsurable elastic 
deflexion of the fibres. Similarly, the force of adhesion of 
two fused spheres can be observed if the spheres are flexibly 
supported, as, for example, by a piece of piano wire^ 
Measurements of the force were made in the following way. 
One fibre, A (see fig, 1), was supported as a cantilever in u 
♦ Om%m Lecture, 19^ t Bnt. Ass. Rep. 19^. 

Phil Mag. S. 7. Vol. 6. No. 37. OeU 1928. 2 Z 
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Wiaontal optical projector, its direction coinciding with the 
Srtxif The^tip of the free end of the fibre ^ bent 

upwards and was focussed at the screen. ^ 

WM held below the Brst at right angt^ to *bi« hb« 

onnld be moved in two directions, OX^ and OY, 
angles. The two fibres were brought into contact, wjien 
*hOT adhered and then they were drawn apart until thej 
separated. The deflexion of the fixed fibre at Ae point ot 
separation was marked on the screen, from which the force 
S^hesion can be found by calibrating the stiffness of the 

® «lh.r do.n».r^in th. 

Moo OY bv. force .orml I. the oontol .orfocos, or 
.liof! OX by a 

♦h« measured deflexions of the fixed fibres in toe two case, 
aia « and X and \ denotes the stiffness ot the fibres in dynes 
uer cm. deflexion and it is the coefficient of friction between 
Ihe fibres, then the force of adhesion in the two cases is 

py * 

The first case may be called free adhesion, since the 
normal force between the fibres is solely that due to 
adhesion, no external normal force being applied. The 
stond case may be called the 

fibres are separated. It was always found that v, was 
considerably greater than p,. A typical example of adhesion 
measurement is given below. 

Material .drawn quarts fibres. 

Badins . «“• 

Stiffness . =3-33 dynes per cm. 

...... V —0*20*4 cm. 

. (mean of 78 readings). 

. X =0*52 cm. 

” . (mean of 61 readings). 

Ooefficient of friction . 0*58. 

Free adhesion force.|>,=s2‘98 dynes. 

Limiting adhesion force ... j?;=0*68 dynes. 

Batio........ 

The coefficient of friction was determined by mounting 
two ranch stifier fibres in the same way. The fibres were 
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pressed together by a normal force which was found from 
the deflexion y' of the fibre (fig. 1). The fixed fibre was 
then palled tangentially throngh a distance a/ until slipping 
occurred. A gronp of such points was obtained and a mean 
line, OQ, was drawn through them. From the slope of this 
line the <K>eflicient was found. The fibres used were freshly 
drawn and comparable in every way, except as regards 
diameter, with those used in the adhesion measurements, so 
that the value of ii is probably closely the same in both 
cases. Stiff fibres were used to ensure that the applied 
force was far larger than the forces concerned in adhesion. 

Some further experiments were made in which the limiting 
adhesion (py) was measured for freshly-blown glass spheres 
of varions radii. Some results obtained, each being fhe 
mean of a considerable number of observations, are shown 
in fig. 2. 

F%.2. 



The curve indicates that the adhesion force is proportional 
to the radius of the sphere. The observations do not fall 
very exactly on the mean straight line, but, having in view 
the nature of the measurements, there appears to be sufficient 
consistency to support the oonclnsion that the relation is 
linear. With the spheres, quite large adhesion forces are 
observed. Thus with the largest spheres of 1*22 cm. diameter 
the force slightly exceeds I gm. weight. 

(3) Before considering the experimentei r^ults further, 
the cause of tihe observe force will be discussed shortly. 
It is necessary to establbh securely that the force is one of 
molecular <K)beaion. It is possible that a force similar to 
that observed might he d^m to elecirifimition. This has been 
tested by dischar^ng any electrification by strong ioni^tion 
with radium both before the fibres touch and also while 
adhering together wiili a force applied tending to separate 

2 Z2 
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Aem. l*he ionization was found to have no effect on the 
force. Another possible cause is the presence of an adsortod 
8im of liquid. Against this must be placed the fact tlmt 
the force exerted by the fibres is always found to be at its 
sttongest just after tliey have been cleaned by beating to a 
bright reii in a flame. The force is found to diminish slowly 
wi& time, and in making the measurements the fibres were 
actually repeatedly re-heated. The magnitude of the measured 
forces also appears to be altogether too large for au explana- 
rion depending on the surface tension of a liquid film to be 

**^*M^^imsitive evidence that the force is due to cohesion 
^n be obtained by examining the surface of glass that has 
been in contact. Fig. 3 (FI. VIII.) shows an enlarged 
photograph of apiece of clean glass plate which has been 
very licrhtly stroked with u fused glass sphere. It will be 
seen tlSit, as the sphere moves, a succession of flakes^ have 
been torn out of the plate, and at each tear the sphere jumps 
a short distance clear of the plate, track being clearn 
shown as a broken line. A similar effect has been described 
by Hardy in his work on lubrication. This experiment 
conclusively shows that strong <‘ohesion occurs at the 
contact. 


(4) The experiment with the adhering fibres will next ho 
considered in some detail, as facts of some intere.st can 
be deduced from the results. In the condition of free- 
adhesion the attraction between the fibres results in a 
normal pressure,p,=2’98 dynes, which w ill produce a small 
elastic indentation, the eontiict area being a circle the radius 
of which is 3 4x 10“® cm., calculated by the usual equation 
of Hertz. In the second case of limiting adhesion the force 
exerteil is 0*68 dyne, and there is no residual pressure 
reaction between the fibres, which are just on the point of 
separating and are in a purely geometrical contact, nie 
last statement can bo substantiated experimentally bv 
observing the behaviour of the fibres as they apprcach each 
other. It is found that the fibres adhere quite suddenly 
without any external pressure being apfiUed, which »« shown 
by the absence of any deflexion of the fixed fibre. There is- 
no doubt that adhesion has occurred, as the minute vibrations 
of the fibre are immediately checked, and, further, if the 
movable fibre is now withdrawn, it draws the fixed fibre with 
it. Hence the molecular attractaons acting at the instent of 
geometrical contact are sufficient to draw the fibres together 
into rile COTiditbn of complete free adhesion. 
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A similar conclGsion is reached by reasoning from 
oquilibrinin of the two fibres. In general, three forc^ are 
acting; (a) an external separating force F ; (6) mi elastic 
reliction, the sum of a large number of molecular repul-^ 
sions 2(11) ; and (c) a cohesive attraction, the sum o£ a 
large number of molecular attractions S(A). 

For equilibrium vve must have 

F + 2(E)=2(A). 

The bodies are in equilibrium for all values of W from zero 
in free adhesion to the limiting normal force^ since F can 
1)0 continuously increased in the experiment from xero u|>* 
wards. Hence, if a small increment ^F of the external 
force produces a relative displacement of the fibres of 
amount we must have 

dF^€i%ili)-dt(A) =: 0 

or — « ^ 

dx dx 


Since the attractive and repulsive forces must both 
diminish to zero with increasing distance between the bodies^ 

d%{A) , d2(B) 11 r ^ 

—' ' and are essentially of opposite sign to , 

ax ax ax 


and it follows, therefore, that for all positions of equilibrium 
must be iiuniericaliy greater than - 

Initially, in free adhesion, 2(R) and 2(A) are equal; hence 
the above consideratiofis lead us to expect that 2(R) will 
continuously decrease relative to S(A} as the fibre is steadily 
deflected, until finally 2(li) approaches zero and 2(A) has 
the limiting value as measured, after which the fibres 
separate. 

The experiment thus demonstrates that the molecules of 
a solid exert a cohesive attraction through space on other 
molecules. Actual contact is not necessary for cohesion to 
be opamtive, defining contact as the approach of the mole¬ 
cules suffieientiy near to give rise to a repulsive reaction 
force. It is interesting to find this direct experimental 
evidence that the molecule of a solid thus possesses a certain 
small field of attraction, suidi as matter in the liquid and 
gaseous states is known to possess. 

The experiment further appears to throw a litfJe light on 
the nature of the repulsion force between molecules. Present 
conc<»ptions of the structure of the atom compel us to 
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postniate the eKistence of a repulsion field, and a number 
of workers in mathematical physics arrive at the conclusion 
that this repulsion field falls off much more rapidly than 
the cohesive attraction field. The behaviour of the fibres 
described above appears to furnish some direct experimental 
evidence that the repulsion certainly has this property, 
although no quantitative information can be derived about 
the relative rates of change of the attraction and repulsion. 
However, since practically nothing is known at present 
about the atomic repulsion, it would appear that any know¬ 
ledge, however slight, that is based on experimental 
observations is worthy of note. 

Some information of a qualitative kind can be derived 
from the experiment as to the range of the field of attrac¬ 
tion. For this purpose it is convenient in imagination to 



substitute two spheres of twice the radius of the fibres for 
the two crossed cylinders, the two cases being identical as 
regards mean curvature over the small region concerned 
around the point of contact. Fig. 4 then shows the con¬ 
dition of the two bodies (a) in free adhesion and (b) in 
geometrical contact as in limiting adhesion. The exact 
form taken by the bodies in case (a) is unknown, but by 
making the simple assumption that the deformation takes 
the form of a small circular flat of radius &2a:3-4x 10*“® cm., 
the dimension e in the figure is found to be 4*8 x 10~® cm., 
which is comparable with atomic dimensions. The force of 
adhesion in this case was found to be 4*4 times as gr^t as 
the force in case (?>), and the experiment thus gives a general 
indication of the rapidity with which the attraction diminishes 
as the distance separating the molecules is increased* 
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{S) An attempt will next be made to interpret the experi¬ 
mental results on the basis of a simple inverse law of 
molecular attraction 

Force = ^ 
a 

with a view to finding what int^ral value of n is in best 
agre<ement with the results. 

It is not possible to calculate the force of adhesion between 
the fibres in either of the cases, but we can calculate the ratio 
of ^e forces by making <»rtain assumptions, and this ratio, 
assigning difterent p<»sible values to n, can be compared 
with the ratio 4’4i found experimentally. 

We shall fimt attempt to show that there is a lower limit 
to the possible values of », this limit being 4 if cohesive 
at^action is supposed to reside in the surface molecules, and 
6 if all the molecules of the two bodies are exerting attrac¬ 
tions similar to gravitating particles. The first of these 
alternatives appears to be the more probable, and conforms 
with the present view held by many, that cohesion is an 
electrical force accompanying the structure of the atom, 
adhesion being due to the cohesion fields of the nnsym- 
metrical surface molecules. 

In order to derive an expression in a simple way for the 
total force of attraction between the fibres, we shall snbstitnte 
for the crossed fibres a plane and a sphere of the same radius 
as the cylinders. This artifice is justified by the knowledge 
that the effective force is confined to those atoms in a small 
region round the contact, of dimensious comparable with 
molecular dimensions, and the sphere and piano are identical 
as regards mean effective curvature with the crossed cylinders. 
We shall in the first place determine the adhesion for<» 
with the sphere and plane in geometriciil contact, on the 
assumption that only the surface molecules exert cohesive 
attraction. 

It is necessary in the first place to determine the force 
exerted normal to its surface by a plane on a single molecule 
at a distence a from the surface. Let e be the mean distance 
between the molecules. Then we may either find the total 
attraction on the single molecule by infinitesimal methods, 
taking the source of attraction as being continnons over the 
surface or throughout tlie body, or we ma^ find the arith¬ 
metical som of the sefHirate attractions treating each molecole 
as a discrete point for this purpose. 

The integration method strictly is not correctly applicable, 
since it is known in advance that a is of the same order as e. 
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but t.he result is more nsefnl being in algebraic form, and it 
has been found by actual trial to differ only very little from 
that obtained by the arithmetical summation. 

Taking firstly a surface distribution of attracting matter, 
let s be the number of molecules per unit area. In fig. 5 let 
P be the position of the external molecule, then the normal 
atfraction of a ring element of the surface of radius y is 

(PAY ^ PA’ 

mid the attraction of the whole surface is 

F = 2wKsa j . . . . (1) 



Making the snbstitution y=atan^, this becomes 

tv's 

F =-— 1 sin . . . (2) 

a—' Jo 

The definite integral is u pure number which will Ije 
denoted /8. 

The attraction between the plane and the sphere can now 
be found by dividing the spherical surface into elements 
parallel to the plane and at a distance z from it, having a 
widtdi dm measnred along the common normal. 

Tlie normal attraction to the plane of an element, by 
oqnation (2), is 

x2vsrdx, 

or the total attraction is 

teVKySr.j 

• * 


(3) 
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It may be postulated that two iiiolecnles at the point of 
geometrical i^ntact omnot be cl^r tog^er tbaa two 
molecules are in the interior of the solid. The vidoe of the 
lower limit is therefore taken to be e. 

The attraction between two molecules falls off so rapidly 
with increasing distance that the integration n^ only 
-extend over a small cap of the sphere, and the upper limit 
has been written as a multiple of e where me is small com¬ 
pared with r, bnt is sufficiently large compared with e itself, 
Equation (3) shows that no integral value of n less than 4 
is admissible. It is necessary, to be consistent with what is 
known experimentally about adhesion, that the integral 
sbonld be zero at the upper limit. For values of « less 
than 4 this is not the Cfse, and we should arrive at the 
result that the adhesive force at the contact was a function 
of the dimensions of the body other than the curvature at 
the point of contact. 

The total attraction between tlie sphere and plane will 
next be found on the second assumption, namely that all the 
inolecnies of the body exert attractive forces. 

As before, we shall first find the attraction of the plane 
body on a single molecule at a distance a from the surface 
by dividing the body into plane elements of thickness dx at 
a distance x from the single molecule. 

Then, by equation (2), the attraction of any element is 

27rK/SS dx 

> 


where S is now the number of molecules in unit volume. 
The whole attraction on the molecule is then 



dx _ 2wKjSS 

gn~a— „_3 




(4; 


and the total attraction of the sphere and plane body is 
2wK/SS 

As we are concerned only with a small region near the 
point of contact, we may pat 

/ = 2rx, 

and the attraction becomes 

w—B as*-*' ■ ■ ' * 
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In this case, for similar reasons, no integral valne of n less 
than 6 can be accepted. 

(6) We shall next take the experimental result that the 

ratio =s 4’4, and compare this with the values that can 

he computed for this ratio on assigning various values to the 
index n. Dealing firstly with the case in which cohesion is 
a«ramed to be a surface phenomenon, the force of free 
adhofion, as in fig. 6, may bo divi<led into two parts ; pi for 
the circular area of contact of radius 6, and for the 
remainder of the sphere. 

It can be shown that is independent of 6, the radius of 
the contact circle, when b is small compared with the radius 

Fig. 6. 



of the sphere. If any plane section is taken, such as LM ini 
fig. 6, of radius y, the area of the spherical cap is 

A= 2wr(c+«), 


or 


dx 


2wr. 


The attraction on any ring element of the surface is a 
function of the area of the element and the distance x what¬ 
ever the law of attraction may be. Between any valu» 
s and x+Bx there is a constant increment of ar^ indepen¬ 
dent of the value of y. Hence the total Attraction is 
independent of the value of b. It therefore follows that p, 
is ^ual to Pft the total attraction occurring in the case of 
limiting adhesion of fig. 4 (b), which corresponds to tlm 
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particakr case of 6=0 ; and this has already been found by 
eqnatimi (3) to be 

= . . . (6) 

To find the Talne of pu assumed that the atoms in 

contact are separated br a mean distance e. Then, neglecting 
a small edge effect, the adhesion of these surfaces can be 
found from equation (2), and is 

Pt - -- s:i i r - 2— .0> 


Hence 


2g»-a 


-3)6* 


2re 


( 8 ) 


Pi Py 

In tidying the ratio, all the unknown terms disappear, and 
if an average value such as 3 x 10“* cm. is assumed for e, 
the ratio can be found for various assumed values of » as 
given below:— 


» 2 3 

i 

. \ .. . 

i 4 

1 " 

J?r ! J 

4*2 

7*4 

Py ; 




lOU 


13-8 


17-0 


The value of n yielding a result nearest to that found by 
experiment is 4. It is of interest to note that both the table 
and the form of equation (8) a^in show that no index under 
4 can possibly give a result in agreement with experiment, 
an index 3, for example, giving p^—p^ whatever the values 
of 6 and r may be. The rate of variation of p^Py with n is 
unfortunately not large enough, for values of « greater than 
3, to say with any finality that an index exceeding 4 is also 
not possible, but it may he said that 4 is the most probable 
value. 

If a similar calculation is made on the second assumption 
that all the molecules throughout the solid are effective in 
causing adhesion, the following result is obtained:— 

Pi+Pi . . »—5 6* 

Pi Py' 


1 + 


-4 ^ 2ra’ 


(9) 


and this gives numerical ^'alues as below 


n 

4 i 0 

Is 


1 

1 1 

i 



7 

i 2^ 

i ■ 1 



B 

' 

- 

9 

3*4 i 

3 m 
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These results are not very conclusive for values of n over 
5, but, on the other hand, the assumed distribution of mole¬ 
cular forces is somewhat improbable, as already stated. 
Equation (9) indicates that 6 is the ininirnuni value of % 
which would be consistent with the experiments. 


(7) Various workei^ in mathematical physics have ad* 
vanced the conception that the atom behaves as an electric 
doublet when in close proximity to another atom. This view 
has been succMSssfully applied to the theory of specific induc- 
five capacity from v\ hieh the electrical moment of the doublet 
has l^en calculated in certain cases. It is interesting to 
note ^hat this conception leads at once to an inverse fourth* 
power law of attraction, and at the same time offers a partial 
explanation of the universal property of atoms to exert 
cohesion. If the doublet hypothesis is assumed to 1>6 correct 
an interesting result is obtained on comparing some of the 
calculated electrical moments with the corresponding value 
found for glass, which may be derived from the present 
experiments on adhesion in the following manner. The 
constant K can be determined by assuming the attraction to 
follow an inverse fourth*power law on the doublet theory 
and as indicated, although somewhat indecisively, hy the 
experiments described. 

The force of attraction between two spheres of radius r can 
be derived from equation (3) above, and is 




( 10 ) 


and in fig. 2 the measured adhesion of glass spheres is given. 
It may be noted that equation (10) shows that a linear rela¬ 
tion should exist between the force and the radius, a result 
approximately found by experiment. From the curve in 


fig. 2 the mean v^alue of ^ is 1650 ; hence the constant K 
is given by 


r r 


If %ve suppose the molecules to be closely packed hexagdnally 
in the stfrfaee, each is at a distance e from its neighbours, 
2 

and s has a value *- 7 ^r-r. The particular type of arrange- 
vSe* 

ment assumed does not greatly affect the estiinate of K, and 
this value of # will be assumed. Close packing in square 
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have ^ ^ ^ va>«e of *, we 

K = 187A 

u“‘f5xl0-»^'f 3 »10-i to ,, tt, v.h., of K 

V45 X 10 . The force between two donblets of moment 

M at a^istance a? apart varies between when end on 

and when broadside on. If the force of cohesion 

follows a law 


F® 


K 


or 


we shall have K varying from 6M® to 3M*, 

M varyinj! from io \/j. 

iJix7An:tz:iS-<K ■" 

M = 2-1 X10-“ for flgO, 

M = 1-5x10-“ for NHj. 

derived from measurements of the varia¬ 
tion of the specihc inductive capacity with temperature. 

I*”,’',*’® “«S"i‘«de of the electrical 

' “P*f"*'* to justify the tentative 

I? P«'’***‘ps the attraction of two 

di th r lends support to the 

1 omf ** tT *V u attraction on external 

atoms. 1 he held of an interior atom, it is reasonable to 
suppc.se, IS absorbed by a neighbouring atom, and only the 
unsyimnetri^l surface atoms have any appreciable^ field 
^lending ^yond the boundarv of the b<^y into snace 
^ pr»vidM .m ana^logy 

The electrical moment of a doublet is the product of a 
quantity and a leng^, and a doublet theory of atomic 
^tracrion would quite untenable if this length ahonid be 
found to exceed the known atomic dimensions. The quantity 
concerned in the product cannot be less than the electroJ 

♦ ‘ Tbe Electron in Chemistrv/ p. 49. 
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M 


ebinrgo g, and l^ee a iimaiinnni posrfble value — can be 

calculated tor the length of tibe doublet. 

Taking the higher value 1*22 x 10**^® for M, this gives a 
maximum length of 0^2 x 10~* cm., or about 1/15 of the 
diameter of the atom, and the doublet theory thus involves 
no inconsistency with respect to the size of the atom. 


(8jf The probability that the cohesive attraction follows an 
inverse fourth-power law can be subjected to a further in¬ 
direct test by calculating the tenacity of glass. For this 
purpose the tenacity will be considered as equivalent to the 
cohesive attraction, with an inverse fourth-power law, 
between two imaginary plane faces inside the material. The 
^^ttraction of one plane for a single molecule of the other 
face can be obtained from equation (2), and is given by 

2wK# 

^nd the attraction of the faces per unit area is therefore 

IT ^ 


If. as before, a close packing of molecules is assumed and s 


has a value 


2 

\/ 3 ^® 


, we have 


F 


87rK 


( 11 ) 


An estimate of this in the case of glass, using the previous 
"Values of K and e, is 

F ar 1*7 X 10^® dynes per sq. cm. 

This value is much greater, about twenty times, than the 
tenacity nsually found for glass, but it is generally recog¬ 
nized that the actual tenacity of materials as found by tensile 
tests is always far short of the ideal tenacity which the 
cohesion forces would impart, Griffith*, however, has 
obtained some remarkably high tenacities for drawn glass 
fibres, and some of his results exceed the alxive anioutit, 
though generally this calculated tenacity is of the same 
order as Griffith's experimental resulte. 

TSie medhtoism of rupture in tension is so imperfeotly 
understood at present, especially in crystalline mi^eriais 


a IMl. Trans, cexd. 
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such as the metals, that it is hardly safe to base any con¬ 
clusions on comparisons of actual and ideal tenacities* In 
the case of glass, which has an amorphous structure, tiiis 
objection perhaps has less weight, as Griffith has clearly 
shown that tenacities approaching the ideal value can be 
actually realized. There is, however, an interesting rela¬ 
tion in the case of metals which has not been mentioned 
previously as far as the writer is aware. Table I. gives the 
crystal lattice constant and the closest approach of the atoms 
for a group of seven metals, all of which crystallize in the 
face-centred cubic system. Values of Ife^ are given in 

Table I. 



L&Uice 

coii^tanl. 

Oloftestr 
approad) 
of atom# 
e. 

1/**. 

Tenacity 

/dynes 

per 

sq. cm. 

Ratio 

/ 

I/O*' 

mtk^i . 

3-54xl0-» 

2-5(»xl0-' 

40*5xl0« 

5-3x10* 

0-131 xl0-«^ 

Copper . 

z-m 

2-640 

371 

43 

0*116 

Pieiititim ... 


2*780 

21*6 

3*3 

0*152 

Silver... 

4*06 

2*876 

17*66 

2*9 

0T64 

Altiaiioiuin». 

1 406 

2^ 

183 

2*3 

0*126 

. 

' 4 92 

i 

3*480 

1*78 

0*21 

0*118 

Gold . 

! 4-08 

f i 

2S^ 

17*66 

2*3 

0*131 i 

i 


column 4, and, as the table is purely comparative, e has 
been taken as the closest approach of the atoms. Together 
with these, the measured tenacities of the metals are given 
and the ratio of the tenacity to l/eK 

It will be seen that this ratio is approximately constant 
for the series of metals, though the tenacities concerned 
cover a fairly wide range. It should be remarked that this 
relation is based entirely on experimental determinations of 
e and /. The relation app^rs to be definite enough to 
suggest that a rational Imsis underKes the ©mpiriotl result. 
Some care must be exercised in attempting to inte^rei the 
result, as various considerations become involved. Thus, for 
example, if we suppose the expression of equation (11) to 
^ve the ideal tenacity, assuming the inverse fourth-power 
law of atomic attraction to hold, we obtain a rational 
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explanation o£ ibe index 6 in the relation constant, but 
only subject to two conditions, viz. that the measured 
tenacity is nearly the same fraction of the ideal tenacitv, 
and that the cohesion constant K is nearly the same for all 
the metals concerned. The first of these is not an unreason^ 
able supposition for a group of pure metals having identical 
crysmi lattices. Nor is there any obvious intrinsic objection 
to the second condition, as the table ihself shows that, with 
the high index 6 comparatively small, variations in the lattice 
constant can in themselves account for wide differences in 
tenacity without the necessity for supposing large variations 
sn the atomic constant. 

For the present it would be unsafe to say more than that 
the empirical relation is not opposed to the inverse fourth- 
power assumption, but as definite evidence in favour it can 
only be accepted with some reserve. 

* The author wishes to record his thanks to Sir Joseph 
Petavel, Director of the National Physical laboratory, 
and to Mr. J. JB. Sears, Superintendent of the Metrology*' 
Department, for their kind interest and encouragement. 

1st Auprust, 192B. 


LXVIII. The liefiemvu of JhJlectrons from an Aluminium 
Crystal. By D. 0. Rose, Fh.lK^ IBol Exhibition Senior 
Student 

f f^^HE development of the new wave mechanics has 
A recently directed considerable attention to experiments 
on the scattering of particles* One of the outstanding 
features of the theory is that it indicates that a particle of 
mass m may be treated as a wave-like disturbance of wave- 

len«rth X =s= where v^iie the velocity of the particlei, 

mv» 

or considering the particle as a wave, the velocity of propa¬ 
gation of energy. It is connected with the phase velocity 
by the relation = c*. This means that, if suitable 
conditions could be found, a beam of panicles might be 
expected to have the properties of a ray of light. 

If such is the case, the most obvious method of testing 
the theory is by looking for refraction or diffraction 

* Commuaiested by Sir E. P.E.S* 
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The other method of stadying the diffraction of electrons 
is analogous to the Bragg method of analysing a beam of 
X-rays. If a narrow beam of X-rays impinges on a crystal 
making an angle 0 with one of the planes of the crystal 
structure, the ravs scattered from successi>^ planes one 
behind the other bnild up a sharp beam in the position ot 
normal reflexion, also at an angle B with the crystal plane. 
The wave-length and the angle B are connected by the well 


known formula 


nX = %d sin B^ 


. . ( 1 ) 


where n is the number of wave-lengths in the path differ¬ 
ence between rays from two successive planes in the crystal, 
or the order of the reflected beam, and d is the spacing 
between the planes. 

In the experiments described here an attempt was made 
t© obtain a reflected beam of electrons by replacing the 
X-ray beam in the Bragg method by a beam of electrons. 
The apparatus was built and mostl^ assembled before the 
results of Davisson and Germer were published. Although 
the results obtained in this experiment were not as accurate 
as those of Davisson and Germer, they seemed worth puttiog 
forward because they confirm the theory, using a different 
crystal and a Bragg method of analysis *. 


ApjDfli’atu* and Method of Experiment. 

The apparatus was essentially similar to a Bragg X-ray 
spectroscope, the beam of X-rays being replaced by a ^am 
of electrons. The arrangement of the filament and slits is 
shown in figs. 1 and 2. The important dimensions are, 
ronghly, slits A to B 2 5 cm., slits E to F 1-4 cm., and slits 
B and'l were about 1-4 cm. from the axis marked with a 
small circle. Tbe size of these slits was about 1 by 4 mm. 
With this arrangement a slightly divergent beam of elee^trons 
/about three degrees) was defined by slits A and B. In 
order to obtain good definition of the reflected beam it would 
be advantageous to make the slits as fine as possible. Much 
finer slits than tbe above were tried when the apnaralns was 
flirst setup, bnt it was found that the intensity of the scattered 
beam defined by slits E and P was too small to be measured 
satisfactorily. Hence the apparatus was dismantled and the 
alita enlarged to tbe above mentioned sizes. Tbe accelerating 
«. put on boiwMn th. itaont and dil A. Th. 


• Attheffme writing Davisson ^ Germer have puWishedwine 
weliiniBarv resalts of experiments ^th i^ichd crystal by the Biagf 
^hod. Pn». Nat. Acad. xav. p. 817 (19^). 



<5OiitoiiiiQ0 £[Iass bnlb Whii ^ ^he surfaces of the 

the same potestial. A retardina*nft/***'f^'i”*'"®” ^®P‘ 
Weea slit, D and E to aasty"*!* 


%. 1 . 



Pig. 2. 



primary byam could be analysed by a i- 

potential Mween elite B and ^ aod tCff whote 
and rest of the apparatus as a coUector. ^ 

l^e crystal was loaned to the author by Professor G J 
Taylor. It ™ already oat with one face, .boat 7 x Umw 
tn pmraUel to a (111) pi.... It ™, .r,m,pa iJX 

3 A 2 
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apparatus that it could be rotated about an axis Iving in that 
{ace, perpendicular to the direction of motion of the prtmarj 
electron beam. The crystal was so orientate<l that one of 
the rows of atoms in its surface la 3 ' parallel to the axis 
of rotation, that is, one of the sides of the equilateral triangle 
formed by adjacent atoms in a (111) plane (face-centred 
cubic) of the crystal was parallel to the axis of rotation. 
93ie wllector, which consisted of a Faraday cylinder inside 
an earthed shield, and the slits D, E, F, and G could 
be rotated about the same axis. Hie lead from the Faraday 
cylinder was carried up into the line of the axis of rotation 
in a quartz tube and out of the apparatus by a side tube in 
the mme line. It was insulated with quartz except at the 
glass seal, and shielded by an aluminium tube outside the 
quartz all the way. The main frame was of aluminium. 
The shield around the filament and the first slit A were of 
mild steel as they got very hot during the experiments. The 
other slits were made of aluminiurn, except those in the 
collector, which were made of brass heavily nickel-plnted. 
The bearings were steel on steel. The crystal and collector 
were rotated by means of an electromagnet acting on soft 
iron slugs in side tubes off the main containing bulb. These 
slugs were on the ends of shafts which turnetl worm and 
pinion drives. These in turn turned the crystal holder and 
collector independently about the same axis by means of a 
complicated system bearings. 

The fact that some of the parts of the apparatus, including 
most of the screws holding it together, were of steel meant 
that very low* voltages could not be used with any accuracy 
owing to the probability of magnetic deflexion of the electron 
beams. However, the steel parts were kept as far away as 
possible from positions that would affect the results and 
were carefully demagnetized before being assembled. The 
magnetic rotating mechanism was also demagnetized betw^een 
each reading by passing alternating current through the 
electromagnet and drawing it away from the apparatus 
slowly. Tests with a magnetometer showed that the field 
near the crystal, even under the worst conditions, could not 
have been much greater than the earth’s field. As it was 
not intended in the first place to work below about 100 volts, 
and also because the steel parts in the apparatus would make 
eompensation diflSicult, no attempt was made to compensate 
for the earl Vs field. A calculation shows that the error clue 
to this could hardly be greater than about 1 degree for 
100 volt electrons. His is the same magnitude as errors 
due to other causes. 
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etneiv v®® ""fu prepared bjr polishing with fine 

polished ifL “11 ‘«-«ce8 of the 

'• “ apparatus without tonchine the oreoared 

would pitted. The eleLons 

w;*K ** r®i ^ ®*Pooted to penetrate very far into the crvstal 
without losing their identity with the priCy 

effecrwhifh^tl ®”«»‘gy- S«nce the reflexion 

f«* r *b* experiment was designed to study is the 

lafrrlTf"®? ®'' b“W‘og-op of waves s^ttered 

fcr? structure, it is eiS SIf 

definfd^lff ***®“^‘* be in the natural position 

ueftned by the crystal structure. Hence it was thonJht 

that It would be more advisable to leavrthe rXh3ed 
surface exposed to the electron beam rather than to attempt 
to obtain a smooth surface. It is well fcn!^w« fw 

nrfV f *i”^ • be advantageous in helpLUo 

thf '^‘*** •'^**“*' mercury vapour gSt hito 

thf !” experiments of Davisson and Oermer 

the nickel crystal «-as treated much more rigoroufh^ They 

dSnitfffl'ef^'**® tbe nicked 

teim h ^ They found that their diffracted 

®*' ‘l‘®«PP«'“*-ed if they allowed the 
fhis fffL* ^ apparatus to increase to about 10~< mm. 
surface of thf to the absorbed gas molecules on tore 

the apparatus, with the exception of the 
cyvstal were vacuum evened before assembly. ^The Sf 

dfameterwwTalTto*’!,®'* glass bulb ablut 5 inches in 
om ffr! “ a 2i-inch neck and various side tubes to brino 

cl^rtfd “•eebanism. The bnig 

^ connected to a fast mercury-diffusion pump. TWs 

SSZ Jnf? ^P® «»tery mercury 

SSto« ™* P°'"P* between the bulb and t£ 

fiffZ? P !?P ® potassium-meronrv trap, a liquid- 

used Zil«?b/ «°bK)ff. The liquid-air rrap was 

was^inSS t P^*^*™potassium trap 
* ■ kTP vapour from reaching the 

apparatus overnight when i^ere was no liquid air.^Tlie 
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pressure durinjr the runs was of the order of 10mm.. 
Overnight it would increase to about 10""^ mm. Hiis 
increabc in pressure was probably due to tbe potassium imp 
giving off hydrogen. There was a phospborus**pentoxide 
trap between the mercury vajmur pump and the liking 
pumps, but this was separated rrom the appamtus overnight 
by the mercury cut-off. Possibly enough water vapour 
<^me off the wails and metal parts of the apparatus to 
produce this inoreai^ in pressure when it was reduced by the 
potassium. It was not due to a leak, as it did not occur 
before the potassium was run in. This offset made the 
in^nsity of the reflected beam slightly variable from day to 
day. However, as the object of the experiment was to find 
the position of the peaks rather than their intensity, it wiui 
not thought necessary to go to further refinements. Sets 
of curves for a given voltage were taken together during 
one continuous run, and repetitions showed exactly similar 
resnlte. 

The bulb was made of soda glass and so arranged on a 
stand that an electric oven could be lowered over it. This 
would heat the whole apparatus to about 300 degrees centi¬ 
grade while the pumps were running. It was usually given 
about two days outgassing before taking a series of obser¬ 
vations. The angles were read by means of a scale outside 
the glass bulb. The collector and crystal holder were 
arranged with a pointer so that the angle was read by the 
position of the line of sight defined by a point on end of 
the axle which supported the crystal holder and tlie pointer 
on the scale. The xero position could be found by adjusting 
the crystal so that the beam of light from the filament Just 
grased its surface. Variations in the thickness of the glass 
bulb would cause inaccuracies in the scale reading, but as 
the pointer and scale were as close to the glass as possible, 
the one on the inside and the other on the outside, the error 
would be reduced to a minitiiam. The angles could be read 
eiysily to better than half a degree. The peaks were much 
wider than this so more accurate measurements were qui^ 
unnecessary. The current was measured by timing the 
deflexions of a spot of light reflected from the mirror of an 
ordinary Dolezjalek electrometer. 

Results* 

The procedure was as follows :—Setting the accelerating 
potential at mj 12i volts, the crystal was set so that its 
surface made a small angle with the incident beam, then the 
current was measured in the cojlector at various points over 
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the range o£ angles (angle if>, tig. 2) from zero to about 
120 degrees taken from the line of the incident beam as the 
aero line. It would be expected that sharp maxima would 
oosur in the inteasitj distribution when the incident angle, 
i^t is the angle between the face and the incident beam, 
and the reflected angle were equal and connected with tha 
voltage by relation (1} and 

X-a~, neglecting the relaiiritj correction, 

where Y is the accelerating potential of the incident beam. 

The electrons forming tliis peak should have the velocity 
of the incident beam. It was found that in order to get 
sufficient current in the collector it was necessary to have it 
from 20 to 40 volts positive with respect to the filament. 
This was doe to the fact that the retarding potential was 
placed between slits D and E rather than just in front 
pf the Faraday cylinder. These slow electrons would be 
deflected by any lack of symmetry in the retarding field 
and also any slight magnetic fields. Hence the analysis 
of the reflected beam is more a function of the position of 
the slits ujid of the retarding potential than of the velocity 
of the beam itself. This was shown in the following way :— 
The crystal and collector were set at the zero position so 
that some of the primary beam went past the crystal directly 
into the collector. An analysis of this beam by slits D and 
E slmwed that the current decreased roughly linearly for 
retarding potentials varying from about 20 to 30 volts below 
the accderating potential to a retarding potential equal to 
the accelerating potential which stopped all tbe electrons. 
On the other hand, an analysis of the whole primary beam 
by a retarding potential between slits B and 0 showed that 
it was homogeneous to about 3 volts. This corresponds to 
the filament potential drop. Hence it seems reasonable to 
assume that very few electrons get into the collector except 
those which were allowed to pass throngh slit E with 
velocities greater than 20 volts. ISie primary bombarding 
current was about 10“^ amp., and tbe current measured in 
the collector were of the order of 10~“ amp. 

Fig. 3 shows a typical set of curves for 122 volts accele¬ 
rating pottmtial. They are plotted in the manner the 
readings were taken, that is, each curve represents the varia¬ 
tion of ^e cnrrent in the collector for different values of 
the collector angle ^ and one value of the crystal angle an 



720 Dr. D. 0. Rose o»i the Reflexion of 

Tha first hich peak P which occurs when the cwtol M set 
at a small ancle is due to the fact that the incident beam 
was wider thSi the angular width of the 
set at this grazing angle. As a result part of the 

gets past the crystal directly into Ae collec^r* 

happens until the collector is turn^ at 

to U out of range of the primary beam. The ^ort Imw at 
the top represenf the calculated position of the vanOTS orders 
of X-ray reflexion of the corresponding wave-Iengtli- 

It is Ln that there is a definite peak in the «“rve where 
the first order is expected, but it is so close to the incident 


Fig. a 



beam that its position cannot be located with any 

However, there is a sharper peak at the existed 

of the second order. This peak was examin^ very 

lor accelerating potentials of 122 volts I* 

this peak could be located more accurately than the others. 

With a wide incident beam and a low resolving power due 

to the relatively small number of l^**™ “ y! 

reflexion the peak would be expected to cover a consderable 
ranee of incident angles. For this reason a p^ wt urs 
in tie neighbourhood of the expected position for 
of the crystal anywhere near the correct reflecting ang • 
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However, the peak which occurs in a position snch that the 
■angle of incidence is equal to the angle of reflexion is 
always sharper and more intense than the others. Sach 
a peak is seen in flg. 3 in the cnrre for which «=:28°*5. 
This peak is taken as representing the reflected beam 
of electrons of 122 volts initial energy. The cnrves shown 
in fig. 3 were taken with the collector 37 volts positive 
with respect to the filament. That the peaks should be 
aasociatea with the full accelerating voltage is shown by 
measurements of the position of the second order peak at 
>diflerent retarding potentials, as given in fig. 4. This figure 


Fig. 4. 



shows three curves for each retarding potential 85,102, and 
112 volts. One of the three was taken with the crystal set 
in as nearly as possible the correct position for wave re¬ 
flexion and another curve was taken with tlie crystal set on 
either side of that position. The curves show that the posi¬ 
tion of the peak does not vary with the retarding potential, 
and therefore should be associated with the full accelerating 
potential rather than some potential between it and the 
retarding potential. The curves at the bottom of the figure, 
taken with a retarding potential of 112 volts, all show the 
peak in the same position. This is what would be expected 
with a finer analysis of the beam, but as the current was too 
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low to obtain very consistent readings no great significant 
should be given to this set. The third order position m 
fig. 3 is indefinite for a reason that will appear when tlie 
results obtained with higher voltages are discussed. 

Fig. 5 shows a similar set of curves for 78 volts ana a 
retarding potential of 65 volts. Here the first order appeared 
plainly, bat is still at too small to angle to ^ 1 o<m^ 
accurately. The currents were also so small as w_be dim- 
cult to measure reliably. Lower voltages were tried with 


Kg. 6. 



still lower retarding potentials, and peaks representing th« 
first two orders were obtained. However, owing to th« 
uncertaintv due to the effects of small magnetic fields thej 
€Eii only used to indicate that the peaks move m tn< 
right direction with varying voltages. 

fliirker Toltages were triedy and in fig. fi three curves ar< 
shown for an accelerating potential of 203 volts and i 
retarding potential of 164 volts. The curve showing lh( 
second order alone is not shown, bat the e^stence « 
the second order is indicated by the curve with « •» 2^ 
The third order is shown as a definite bump. Between tii 
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Aird and fourth orders another peak occurs, marked X 
which makes ,t impossible to sepaVale thesHrdem eSoufh 

,Ssx^. 


F%.6. 



to the fact that it wears at such small angles that only nart 

therefore the one whose position nan hn 
Iwated most accurately. The third is ambiSuous LSI of 
the extm peak, and the fourth is yery 

it i^mMSlt it® f**"” ^ « oncertain, but 

or by the Jav^r «f of the surface by gas 

«t.7pik ?/. tot Sh. 

P urst order reflexion the grating constant. 
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which it represents, would be 0*65 A. This is smaller 
than the accepted radius of an aluminium atom. However, 
on some of the curves for lower voltaf^es there is a mere 
indication of another peak which might be the first order of 
thisQreflexion. This would then represent a spadag of 
1’3 A. There is hardly enough information obtainable from 
this to associate it with any definite spacing in a oorondom 
crystal, because it gives no information about the orientati<m 
except that the planes causing the reflexion are parallel to 
(111) planes in the aluminium crystal. The position of 
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these peaks is shown in Table 11. The position of the peaks 
marked first order is very uncertain, as they are indicated 
only % the fact that for the lowest voltages tried one 
or two points were a little ofip the smooth line. A more 
accurate analysis of such ped^s might give some information 
about the transition layer between aluminium and aluminium 
oxide. 

Table 1. gives a summary of all the peaks found which 
can be associated with the aluminium (111) plane spacing, 
dsS’fllA. Column 2 gives die tmgle 0 in relation (1), 
which is half the angular position of the peaks shown in 
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4 shows tl.e wave-length calculated from the voltage, a“d 

Table I. 


Tolt*. 




36 

m 

m 


Angle of 
peak. 

a 


Ofdor, 

n. 


Ware- 

lengeii. 

V • 


m 

25 ±4 

1 

1-64 

36 

42 ^4 

2 

1*64 

62 

2l ±2 

1 

1-56 

6^ 

42 ±3 

2 

1*56 

78 

18 ±4 

1 

im 

78 

87 ±2 

2 

1*39 

83 

18 ±4 

1 

1*35 

83 

36 ±2 

2 

1-35 

122 

14 ±3 

1 

1*11 

122 

28-5+1 

*> 


364 

26 ±2 

2 

1*11 

0-96 

164 

45 ±7 

3 

0*96 

2^3 

21 o ±2 

2 

0*86 

203 

35 ±3 

3 

086 

203 

60 +5 

4 

0*86 

243 

23 ±4 

2 

0*79 

2*^ 

33 ±3 

3 

0*79 

243 

46 ±4 

4 
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Table II. 


Ware-Jengfjb, 


1*64 

136 

0*86 

0*70 


Angle, 

36*6 

30+6 

43+4 

38+4 


Spacing, 


1*4 

13 

13 

1*3 


Ware- 

ho§th^ 

M»m0 


i^±iym> 
1*37+<^14 
1*68+0-13 
1*37+014 
1*29+0*^ 
1*41 ±04)7 
1*29+0*32 
l*^+0-07 
113*0-24 
1-12+0-04 
0'99+OOT 
1*10+0*14 
0*86*0*08 
0*89*0*06 
0*89*0*06 
0^1 *0*1^ 
0*85*0*07 
0*84*0*06 


Order. 


1 

1 

2 
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122 volts. Considering all sources of inaccuracies the 
possible error for this peak should not be greater than about 
7 per cent. 

Discussion^ 

The results of this experiment indicate that electrons can 
be diffracted by a crysuil gratinir in the manner suggested 
hy the wave theory. Table I- indicates that they agjee with 
the theory within the accuracy of the experiment. This 
fact does not agree with the results of Davisson and 
Oermer They found two types of diffracted beams. The 
first type is due to rows of atoms in the surface layer of the 
crystal acting as a plane diffraction grating. These are 
spoken of as surface diffracted beams. The second are those 
which correspond to Lane X«ray heamsj as explained pre¬ 
viously. These are depth diffracted beams, or considering a 
set of planes in the crystal as reflecting the waves when the 
angle and vvave-leugth are such that they satisfy relation (1), 
they may be c illed depth reflected beams. These so-called 
depth diffracted beams, in the case of Davisson and Grermer’s 
experiment* may also be considered as positions of maximum 
intensity in the surface <liffructed beam. Such maxima 
exist broause more layers than one are effective in producing 
the beam. If a large number of layers was effective the 
beams would be all supf>ressed except the one at the position 
of this maximum. These depth diffracted beams should 
occur in the same directions as Laue X-ray beams of the 
^me wave-length. The results of Davisson and Germer 
did show a set of depth diffracted beams arranged with a 
three-fold symmetry around the direction of the incident 
beam corresponding to a set of X-ray beams. However, 
they did not occur at the same angles that X-ray beams of 
the same wave-length would have oecured. They could 
be made to fit the corresponding set of X-ray beams by 
rassuming a contraction of tiie eryshil in the «lirection of the 
incident beam by a factor of about 0'7. This contraction 
factor varied for different beams. Patterson pointed out 
iiiat by a different association of the electron beams with 
the Laue beams the two coaid also be made to agree 
hy assuming an expansion factor in the same direction. 

Dokart and Bethe have suggested what seems to be a 
much more satisfactory explanation of the difference in 
position between electron beams and corresponding X-ray 
beams. It is the assumption of an index of refraction for 
the de Broglie waves in the metal. Bethe shows that the 
existence of this index of refraction may be due to the 
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There are possible explanatioas of the divergence between 
the results of the present experiments and those of Davisson 
and Germer, but they can alt be ruled oot with a fair 
amount of certainty. It might be that the residual magnetic 
fields in the present experiments were stronger than it was 
thought. (Jlonsidering the precautions taken this seems very 
unlikely. Again, no correction was made for the difiuse 
background scattering, as the curves did not give sufficient 
information about it. It is, however, unlikely that such a 
correction would change the position of the peaks sufficiently 
to amount for the divergence. It is also conceivable that 
the magnetic properties of the nickel crystal in the experi¬ 
ments of Davisson and Germer have some effect on the 
results, but it is very doubtful if such an effect would 
be noticeable as the fields would have to be very intense and 
so arranged that they would not interfere with the three¬ 
fold symetry 


Summary. 

Experiments have been performed in which electrons have 
been reflected by the planes of an aluminium crystal in the 
manner suggested by the wave theory. The apparatus was 
similar to a Bragg X-ray spectroscope having the beam of 
X-rays replaced by a beam of electrons. It would be 
expected that a beam of electrons would be reflected in 
a manner analogous to X-rays when the accelerating poten¬ 
tial, spacing constant of the crystal, and angle of reflexion 
were connected by the usnal relations 



mv 


and n\-ss2dmn0. 

Four different orders of reflected beams were found whose 
position agreed with that predicted by theory within the 
accuracy of the experiment. Two orders of another set of 
beams were found, which are attributed to aluminium oxide 
or some other contamination of the surface of the crystal. 
A comparison is made between these experiments and those 
of Davisson and Germer (Pbys. Rev. xxx. p. 705, 1927), 
who obtained different results with a nickel crystal. Their 
results differed from those predicted, but could be explained 
by the assumption of a refractive index. 

In conclusion I would like to thank Prof. G* I. Taylor 
for making this experiment possible by lending me the 
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aluminiam crystel with the required information about 
ft Q. principal planes. I should also like to 

thank Prof. Sir Ernest Rutherford and Dr. J. Chadwick 
for interest and advice. ^ vnauwicK 
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o/ Scattered Radiation. By R. 
[Plate rs:.] 

T he very important and surprising discovery recently 
announced by Professor C. V. Raman and K. 8 
Jlrislinan opens up a new field in the study of molecular 

They found that if various transparent media, such as fluid 
organic compounds, crystals, and even water, are illuminated 
with monochromatic light, the spectrum of the liirht 
s^ttered by the medium shows, in addition to the line*^of 
the illuminating radiation, other bright lines the wave-lengths 
of which depend upon the nature of the medium. Hife at 
hist sight might appear to be no diflerent from fluorescence, 
buta closer inspection, as Prof. Ramsay showed, compels us 
to admit that the phenomenon is quite di^rent and ^olly 

The differen^ may be well illnstrated by the case of 

substances which I 

This sn£.r described later, 

wale ®’ 'l5®“ dlnminated by light of practically any 

wave-length in the region below the green mercnrvlini 
^ves a companion hne of wave-length greater than that of 
the exciting line (about 90 A.U. in the case of excitation by 

* Commaaicated by the Author. 

Phil. Mag. S. 7. Vol. 6. No. 37. Oet. 1928. 3 B 




730 Prof. B. W. Wood oa the 

the violet wercary line 4358). 1£ the spectrum of the 

ecattered light is photographed with a quartz spectrograph, 
we find every strong line or group of lines reproduced 
exactly by faint lines or groups of lines abont 90 A.0. on 
the long wave-length side. Now Baman has shown that the 
frequency difference between the companion line and the 
exciting line is constant, and equal to the frequency of an 
infra-red absorption band. This means that the light- 
quantum gives up a portion of its energy to the mol^nle, 
raising it to an excited state, and then passee off with 
diminished energy, recording itself in the spectrograph as a 
line' of greater wave-length. An explanation of ue pheno¬ 
menon on the classical theory would have been difficult, to 
say the least, and it appears to me that no more convincing 
proof of the quantum theory of light has been found up to 
the present time. The line which I have found with quartz 
corresponds to the absorption band at 21 ft. Two other 
lines, much fainter and closer to the exciting line, indicate 
absorption bands at 49 and 80 ft respectively. No trace of a 
line corresponding to the band at 8'5 ft has been found up to 
the present time. This is perhaps to be expected, as this 
hand would correspond to a higher state of excitation which 
would be less probable than excitation to lower vibrational 
states. My spectrum of the quartz emission shows fig 3125- 
3131 and 3650, 3654, 3663 beautifully duplicated. In 
the case of benzol, Baman found that a line of shorter wave¬ 
length than that of the exciting Hue was also present with 
the same frequency difference (measured a^inst the exciting 
line) as was the case with one of the lines of longer wave¬ 
length, This could mean only that the impinging quantum 
■of violet light (4358) gathered up some energy from a 
molecule already in an excited state, and then rebounded as 
a quantum of greater energy which recorded itself on the 
ultra-violet side of the exciting line. The line was so faint 
that it did not appear on the reproductions of his photo¬ 
graphs, but a curve made with a recording photometer 
ebowed a very small hump at the right place. Employing 
higher dispersion I find a double line at this point, a matter 
wMth will be more fnlly discussed hiter on. In the 
case of carbon tetrachloride I find anti-Stokes terms 
{shorter wave-length lines) almost as strong as the corre¬ 
sponding lines of longer wave-length, the group being 
r^rodtK^ as a mirror-image,’* regarding me exciting 
line as the mirror (PI. IX. fig. b). With improved metiiods 
■of illumination 1 have been able to record the stronger 
Baman lines with an exposure of only a few minutes. 
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Apparatut and Methode. 

with ThStSh^i bav^“imn]ov3^ inefficient in oomparison 
resonance s^U mv^ti^ations of 

p.^xim%^ththVri:“ S^."*^** “ bronght mto close 

a nnmffi”f^i”“^ i“ » ‘be nnteome of 

a number of trials, and can hardly be improved di.o« Tbf 


Fig. 1. 



at the other The flni off into an oblique cone 

or is maX snffidenSt^r 

cover-glass S Sr^JoIS !»:[ cementing a thin 

Balbs were used at fimt. bntfhal^**^ with Cjm^a balsam. 

lensw when the tube is s^en^ short-feons 

f. loco.. A J.U 7^*.!:;?^ 
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the sloping cone as nearly as possible in 

the tube’s axis. This bead, when backed by a lamp, is 

visible as a bright star when viewed through the 

o£ the tube, and is of great assistance m adjusting the tube 

parallel to the axis o£ the collimator--a very important 

matter. With the tube filled with liquid, it is impornble, 

inihout the bead, to send a ray of li»t down its axis, on 

account of refraction by the oblique wan. twiint 

The tube is painted on the outside with black paint 
(the new celluloid enamel paint for automobiles is best), 
m diown in fig. 1, taUng care not to cover the bwd, and 
surrounded by a second riass tube proi^ed wi h si e u e 
for Ae in- and out-flow of the water. TOie 
are made from rubber stoppers m the ®? JI- nf 

U method not as well known as it should ^ "*®P^r f 
size sufficient to allow it to be slipped eMily for two-thirds 
of its length into the large tube is insert^ snugly into a 
short len^h of brass tubing, preferably made slightly 
ontheiMide to fit the stopper. This is mounted m a lathe 
and spun rapidly. A pen-knife with a long thin blade 
made very sharp at the point is moistened with glycerine, 
and resti, cutting-edge up, on a tool 
parallel and vei^ close to the protruding face of the stomjer. 
I he point is now pressed lightly against the stopper, 
a <arde, which should be a diameter <mual to that of the 
inner tube. The blade is now pressed through the stopper, 
taking care to keep it parallel to the axis ot 
tangential to the circle which w being cnt. It will go 
through the stopper in a few seconds, giving a cleanout 
rLg 5ith a cential ping, which is easily push^ u*!" 
removing the stopper from the brass tube. It is possible to 
ZieTlSg. . miS\Ltr.ort,oin tMoknj.. from 
4 or 5 cm. in diameter. The posi^n of the knife blade 
with respect to the rotating stopper w sbo«n in ng- - 

The exit tube for the water must be on the top of the 
outer tube, and be bent sharply down m shown, so t^t the 
tube of the mercury arc can be brought down to »»^in a 
centimetre or two of tiie tube, as shown in fig. 1. Without 
tho cooling system most of tiie fluids stndiad would have 
been raised to the boiling-point in a few minntes. 

Water was delivered from an iron pan witii a brass tube 
soldered through the side close to the bottom, and a glass 
stop-oock in circuit with the rnl>l>er tu^ control!^ 
insufficient cooling being indicted by the rise of j*® “ 

the small bnlb surmounting the oblique cone. The quartz 
mercury arc must be mounted in some type of support free 
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from motal supports on the underside, so that it can be 
brought down almost in contact with the upper surface of 
the water jacket. Two reflectors augment the illnminatiou, 
one of them above the arc, and resting on the quarts tube. 


Fig. 2. 



the other, bent to a heint-oylinder ot slightiy less diameter 
than that of the inner tnbe, clamps around the latter on the 
underside. These reflectors were made of very highly- 
polished sheet aluiiiinium of about the thickness of writing- 
paper (a commercial product). An alternative method 


BIg.S. 



would be to silver the inner tube on the lower surface. The 
disposition of the reflectors is shown in fig. 3. 

By this arrangement practically the entire emission of the 
quartz arc is thrown into the inner tube, and the intensity u 
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still farther increased by reflexion back from the cylindrical 
reflector. 

In the case of solids, such as qaarte, csleite, or glass, the 
method etuplojed is shown by ng^ 4. The front face of 
the block is painted black, with the exception of a oircnlar 
aperture and a bent cone of glass cemented to back face with 


f%. 4, 



C ' 't wax: this cone is filled with glycerine and is painted 
; a glass bead is provided for collimation. On the 
npper face four small glass rods are attached with snrgeon’s 
tape t these form a wall to retain the pool of water, 
constantly renewed by a small stream, which keeps the block 
cold. The block is mounted at a slight angle on a sheet of 


fig. 5. 



0 


Rie reflecting aluminium, so that the water overflows on tiie 
cone side and the frmit window remains clear, the water 
being carried away by a tin gutter. A third and simpler 
arrangement is shown in flg. 5. This was employed in tiie 
excitation of fluids in a quartz tube by the total radiation of 
the arc. The end of the tube was blown out into a thin bulb 
tile front of which was then flattened in the flame. The. 
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tube rested in a cylindrical gutter of the highly reflecting 
ulutninium previoiiaily descril^, the cooling being effected 
by five jets of water which played continnonsly against its 
upper surface. This tuba, like the block of quartz, was 
mounted at a slight angle to prevent the water from running 
out of the upper end of the gutter. The water-jet tubes 
point in a nearly horizontal direction just under ^e edge of 
the sluminiain reflector which covers the lamp. The 
brilliancy of the l^ht scattered by pure dust-free liquids 
under these conditions is very surprising, and it is hard to 
believe that the fluid is not turbid. 

The aiming of the spectrograph is a matter of great 
importance if stuttered light from the walls of the tiihe is to 
he avoided. It is best accomplished in the following way. 
Two diaphragms are formed by perforating two rather large 
squares of black cardboard with holes alK>nt 1 cm. in 
diameter. These are mounted in clamp stands about 30 cm. 
apart, with the bol^ in line with the axis of the tube; An 
incandescent lamp with a frosted bulb is placed close to the 
glass bead, and the screens adjusted so that the bead is visible 
centralh' placed when viewed through the two holes. 
The spectroscope is now placed with ite slit about 20 cm. 
from the first screen, the colUinator pointing through the two 
holes at the illuminated bead. Before bringing the spectro- 
sco{)e into place, it is well to light the arc and make sure 
that only the illuminated fluid is visible through the two 
holes wiien the eye is moved about over the first hole. 
Next, bring the eye up to the region where the spectrum is 
focnssed, and, with the slit wide opeu, adjust the instrument 
to such a position that the illuminated b«ad is seen exactly 
at the centre of the camera lens. It will be coloured, of 
course, tho colour depending upon the position of the eye. 
llemove the incandescent lamp and mount a lens of about 
18 cm. focus close to the first screen. The lens forms an 
image of the hole in the second screen on the slit of the 
instrument, and on placing the eye at the focus, the whole 
field of the instrument should appear illuminated with green 
light when the pupil of the eye is in the position of the 
green mercury line. The slit is now closed and the ex¬ 
posure made. This metiiod of aiming a spectroscope will 
be foonti nsefnl in the case of many other investigations. 

JSxpefimenial Resnlts. 

An important point to be settled is the relative intensity 
of scattering for the exciting and modified wave-lengths* 
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To accomplish this wo most be sore dint only light scattered 
by a dost-free and pure fluid enters the spectrograph. 
I have made only a rough preliminary examination of this 
point in the case of some of the strongest Raman lines, and 
fonnd that the ratio of scattering is of the order 1; 5(K). This 
determination was made by mi^ng a series of exposures of 
varying time and picking out the two which pive the 
modified and unmodified lines of the same intensity. We will 
now take up the results obtained with a selected few of the 
liquids and solids examined up to the present time. Wave¬ 
length determinations have not l»een made of all of the 
plat^, as preparations are now under way for photographing 
the spectra witii a prism spectrograph of 40 foot focus. The 
photographs were made with a cmistant deviation Bansch 
and Lomb one-prism sfieotrograph of 50 cm. focus, with a 
comparison spectrum of iron running across the centre. 
The spectrograph was kept at a constant temperature by a 
toluene thermostat, as in some cases exposures of several 
hours were necessary. 

It was at once apparent that still higher dispersion was 
desirable, as some of the lines were found to be bands sharp 
on the long wave-length side and shaded oft towards the 
violet. 

Turning now to PI. IX., we find at the top the spectrum of 
the quartz mercury arc used for the excitation of the 
the materials. It was much over-exposed for the purpose of 
bringing all of the fainter lines, which otherwise might Iw 
mistaken for Baman lines, on the spectrograms. Below 
this is the spectmm scattered by carbon tetrachloride, which 
has been reproduced of full width, showing the lines both 
above and mIow the iron comparison sfiectrnm. The other 
printo have been trimmed narrower, showing iron on one 
only. 


Carbon tHrachloride. 

This is perhaps the most striking photograph of all, on 
account of the great intensity of the modified lines of wave¬ 
length shorter than that of the exciting line. Immediately 
to Me right of the 4356 line of mercury we find a strong 
triplet with the lines spaced thus || |, while to left, and 
symmetrically placed, the same triplet reversed thus | 11, 
this being the anti-Stokes group. We find in addition a 
close double line further along towards the green region. 
This same complete set of lines will also be seen to the right 
of the violet 4047 line, the Raman lines being indicated by 
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ink dots below the spectrum. Still more remarkable is tbe 
appearance of tbe groups, both Stokes and anti-Stokes, 
excited by tbe green line 5461, also indicated by dots. 
Raman reported that he found no trace of excitation in any 
case by this line, as might be expected from tbe Rayleigh 
law of scattering, but in the case of carbon tetrachloride, 
chloroform, and some other substances the green line 
produces strong scattering of modified lines. One of the 
anti-Stokes lines is in coincidence with a very faint mercury 
line, which appears much intensified by the superposition of 
the Raman line. Tbe wave-lengths and frequencies are 
given in the following table :— 


Carbon Tetrachloride. 


A of Kxeiting 

liioe 

Frcq. of 

X of lyiodiBed 
Line. 

Freq. of 
Mc»d« line. 

\ Freqn^^ 

1 JDifie^enee* 

«)46-8 


4(^*0 

mm 

2180 



4(^3 

m^m 

3107 



41277 

242491 

4548 



4174-4 

2S9488 

7551 



mm 

5^190 

7849 

4077 

mm 

41a5-0 

2mm 

4555 

43.^ 


4317-3 

231561 

-2178 




227199 

2184 



4299-45 


-3139 



n4\m 

2^40 

.3143 



42726 


-«!01 



♦4447-05 

2248^ 

4578 




mm 

7585 



♦4513-7 

mm 

7^ 

4347 

229953 

4^-8 


2159 



4^-5 

2mm 

sm 



4435-6 

2mm 

4m 

4339 


44^-9 


4564 


The triplet and doublet previously mentioned are indicated 
by stars. We find in this table the wave-lengths of the 
modified lines excited by the fainter mercury lines in 
the vicinity of 4046 and 4358 (shown on the upper 
spectrum of PI. IX., and better resolved because of less 
exposure in the lower spectra). The frequency differences 
in the right-hand columns have been arranged slightly 
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displaced, so that those which belong togetiier can he seen 
at a glance. Anti-Stokes lines are indicated % a minus 
sign. 

We see from the table that we are dealing only with the 
five frequency differencies corresponding to the five lines 
previonsly mentioned. The maximum and minimum values 
are 2184 and 2130, 3143 and 3107, 4801 and 4548 for the 
triplet, and the average of all valnes for die donblet are 
7570 and 7875, these two last being the freqnenoies corre- 
qionding to wave-lengths 13‘2/tand 12‘2Now, Oobients’s 

Fir. 6. 



cmrve of the infra-red absorption of carbon tetrachloride 
shows complete absorption between 12*5/1 and 13*5/i. This 
curve is reproduced (fig. 6). 

The close double line at X 4507 and 4513 thus corresponds 
to this absorption liand, and proves that it is in r^ility 
a doable Imnd. The ether three frequency differences corre¬ 
spond to absorption bands at 4fi /i, 32 /», and 22 m, a region 
difficnlt or impossible to investigate by absorption methods. 
An attempt to find these bv the method of restdnal rays will 
be made in the antninn, if they cannot be found in the 
literature, which seems nn likely. 

1 have given the fnll set of values in this and some of die 
following eases, as they form sncli a complete verification of 
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the theory of Professor Raman,, and show the valne of the 
method for the investigation of the remote infra»red ab¬ 
sorption region by the study of inodiBeil lines in the visible 
part of the spectrum. 


Chloroform. 

The modified lines of this substance are shown in spectrum 
e of PI. IX. They occnr in pairs, the anti-Stokes terms are 
strong, and they are excited by the green line as well as 
by the violet lines. The ralnes are given in the following 
table;— 


Chloroform. 


A of Exciting 
Line. 

Freq, of 
Exciting Line. ; 

1 X or Modified 

Ltiia. 

1 

Kpeq. of 
Mod. Line. 

Frequency 

Difference. 

i 



4m4 

mm 

2610 



4417*7 


3854 



44TT'l 


6654 

43^ 


44€0’S 

226756 

2627 



43Cm4 

2:1^40 

-2657 



442i 1 

225716 

-^7 




2SS3040 

-3657 



44^4 


6600 





-6717 



45l»i 

221815 

7658 



4t^>'T 

244448 

2501 



4mi 

2403^ 




4IT4 1 

2Sim5 

7574 

4077-8 

245lf»l 


238488 ■ 

mn 


The average vain^ of the frequency differences are 2621, 
3655, 6682, and 7571, corresponding to infra-red absorption 
at 38*15/i, 27*93/», 14*96/t, and 13*20/* respectively. 
Coblentr. gives complete absorption at 


Jiensot, 

Coming now to a ring molecule, we find that the modified 
lines of shorter wave-length than that of the exciting line 
are absent or so faint that they come out only with very 
long exposure. Spectrum d was made with this substance. 
To bring out the faint lines it is necessaiy to distil the 
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substance, .os it contains an impurity which catises a strong 
continnons spectrum (probably flnorescence) in the blue 
and green region. 

If a spectrogram is made of the resddue left in the 
flash, this spectrum is so strong that the Baroan lines are 
practically wiped out. 

It was with benzol that Raman found bis anti-Stokes line 
at 417b'5, so faintj however, as to be almost invisible, and 
reproduced in his paper only by a very smalt hump on the 
iiiicrophotoineter curve. With long exposure I have found 
two lines at this point very close together, one of wave¬ 
length 4177*3 excited by 4358, and another of X =» 4190 
excited by 4046. 

The source of excitation of these lines was determined 
by filtering out the 4046 line from the light of the arc by 
adding chromate of potassium (not bichromate) to the water 
supplying the cooling system. The amount to be added 
depends upon the thickness of the layer of water between 
the tubes, and is best determined by adding increasing 
amounts to the water in the pail until the 4538 line 
scattered by the liquid in the inner tube shows a trace 
of weakening. This can be done visually or, better, phofo- 
graphicallj. Under these conditions 4046 is practically 
removed. * The 4358 line can be removed, permitting 
excitation by 4046 and lines of shorter X by means of 
fluorescein. The out-flow runs into a second pail on the 
floor, from which the upper pail is replenished. These two 
substances were used in the case of a number of other sub¬ 
stances in which there was doubt about the origin of the 
modified lines. 

On examination of the benzol spectrogram with a high- 
power magnifier, it was at once evident, that the strong line 
at 4618'8 (indicated by a dot) was in reality a sharply- 
shaded band, very intense and sharp on the side towards the 
red. This line is originated by the 4046 excitation, as was 
&>und by Raman and verified by the chromate of potassiuin 
filter. 

Benzol was the only substance for which wave-lengths 
were determined by Raman (at least in bis first paper), and 
as thi^ were made without an iron comjMrison spectrum 
from tiie mercury lines as standards, they are remarkably 
good. The values given in the following table are proluibly 
a little more accurate, and eight or ten lines not found by 
Raman are given. The increase of accuracy results from 
the use of about double the dispersion employed by Raman 
and the presence of the iron comparison spectnini. 
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BeiiKol (with intensities of stronger lines estimated). 


X of Exciting 
Line. 

Freq. of 
Exciting Line. 

X of Modified 
Line. 

Freq. of 
Mod. Line. 

Frequency 

Difference. 

4339 

280S93 

4533-5 

220514 

1^79 

4347*5 

2299S3 

4542-1 

220101 

98as 

4338*3 

229383 

4476-7(3) 

223316 

6067 



4825-8 


84^ 



4555-8(5) 

219439 

9044 



£029-6(4) 

;198768 

30515 



4681*7 

213538 

15845 



46871 ' 

21^7 




4M4-7(3> 

2ia^i 

il7(» 



4177-3 

^m2 

-9939 

40«e-8 

247im 

4147-7 

241024 

6015 



4190-5 

S^8568 

8471 



4218-7(10) 

237H2 

^97 



4(»0-8 

244382 

2654 


(Und) 4618-8(8) 

216446 

mm 



4322-0 

231^^1 

15778 



43-^3 

231026 

1^13 

4077*8 

243161 

4180*9 

239116 

mo 



4215 

239142 

8019 



4248-^4) 

235289 

9^2 



41237 

242491 

2670 



4657-5 

214648 

mm 

4l(BI 

24^ 

42S2-2 

2334^ 

mi 

3650 

^^3 

4109-7 

243317 

mm 

dm 

273838 

4115-1(4) 

242945 

Bfmo 


272t»7 

4125-5(4) 

242^ 

mm 


The last three lines represent the reprodnciion of the 
mercnrj oltra-Tiolet triplet in the violet region, the first 
member falling a trifie on the long wave-length side of the 
mercnry line 4108. It is scarcely resolvable from this in 
the reprodnction. 

^ The freqaency difference 30564 corresponds to an absorp¬ 
tion band at 3*27 p (Ooblentz gives 3”25 /*.), 15812 to a 
band at 6*30and 16050 to a band at 6‘23a (Coblents. 
6*25 fi). 
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Toluol and MonocUor benzol. 

Raman spectra of these two compounds are shown on 
PI TX (e and f). The chlorine compound be<»me milky 
uid„ ihe .An of it. light. .«a 00 ».e,nently A m.«n^ 
lines n«e very strongly sctterod, none ot the h^to A 
• i% 4 - rtf 4.Q1 Wo" belliRsuniiii lni©s. ihe spectra 

qmte amilar In appearance, owing to 

two molecules, chlor benzol being regarded as toluol with 

of the ware-lengths of^e. 
aubstenSs have been made at the present moment, andjt 
does no^em worth while to publish them, as it is expected 
Rmt spectra under vastly higher dispersion 
very shortly. Benzol, toluol, and xylol appear to have in 

’“ThT^olrnm ol xylol i. reproduced (.p«.trnn, g) 

^ by tile S«1 radi.tionot the .re. .nd ^^rnmh ex Ad Ah 
4046 removed by the chromate of POt**. j ^ 

eome etrong lines in the group to the right of 4858 are an 
to 4046 Below these are reproduced spectra of ether, 
methyl alXl, and ethyl alcohol. Sitectra have also lieen 
made^of bisulphide of carbon, 

benzol, and a number of other substances, but the plates have 
not yet been measured. 

Quarts. 

The lines scattered by a large block of very clear cp stol 
quartz are reproduced (s|»octrum 0* ^"for the^i thr^ 

2040 ^and 1246, corresponding to absorption bands at 

n+ 20*7 a. which is given by the 4448'3 line. So far as 1 
aftnlS band.-’of longer 

Xerved. Quartz is moderately transparent at 5h/t and 

“'^o'lrr CwlSifd na y.f of a 
spending to the well-known absorption band at 8 5 /*. 

Caleite. 

Modilad linca hay. boon obUinmi 

1^70,17M2, jrm^gj “,f SrUAbS. 

rnnl r^^i^niy S Sa at'll-S^. 6-46„ and 8<h3.. 
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Fraparations are under way at the moment for a record with 
a Tory large and clear crystal with which observations can 
he made in several directions. 

The observations on calcite were made with a very clear 
natural rhomb measuring 4x5x2 inches, backed by a 
reflector and surmounted by a pool o£ running water. 

The wave-lengtbs of the lines excited by 4358 are given 
in the following table, together with tHe corresponding 
absorption Imnds (calcnlated) in the infra-red. Snch ab¬ 
sorption bands as have been observed are given in the last 
oolnmn:— 


Modified line. 


ft (ofes.) 
reeidM&l rays. 

4386-45, 

68 


4387-35 1 Barely rreolved. 

66^ 


4389-161 

62 


4412 (■trong)... 

35*67 

30-3 

4498-2 (faint) .. 

14 

11*3 

4574*6 (very stercmg)..... 

9-18 

6*46 


The calculated absorf>tiou bands in this case are of con¬ 
siderably longer wave-length than those observed by the 
method of residual rays. 


Rock-salt, 

No lines have been found with rock-salt np to the present 
time. 

In conclusion, I wish to express great obligation to 
Mr. H. M. O’Bryan, who determined the wave-lengths and 
rendered much assistance in picking ont the lines which 
belonged together. 

Xioomis Labomtoiv, Tuxedo, N.Y. 

Sept. 8tb, im 


LXX. The MqucAion of State of a Perfect Gas, 

'To the Editors of the Philosophical Moffasine, 
OBNTI.EMBK,-— 

I N a paper that appeared in &e Jnne number of the 
Philosophical Magazine, the writer showed from thermo¬ 
dynamical considerations of the zero of entropy that tiie 
equation of a perfect gas, or the limiting equation of idate 
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of the substance when the volume is infinitely large, » 

p,-MaTf, 

where f is a function of the volume », absolute temperature 
T and mass M in mols. The proof may be ^ven an 
improved form which will now be pointed out. The term 
r,(L-vi) in equation (3) may be written where 

p) and Pi denote the pressures in the condensed and vaporous 
states repectively. Equation ( 6 ), which applies to x « , - 
may then be written 

Now « 0 at T 0 (Phil. Mag. iv. p. 262, 1927), 

\OL/pt 

and hence 

“'rn 

siderations of the zero of entropy. The writer has shown 
(J. Fi-anklin Inst. 206 (5) p. 692, 1928) that » 
e&s at infinite volume near in temperature to the absolute 
Sro has a maximum specific heat whose value is abnormally 
large, which depends on the fact, deductable from ^ 

equation, that the internal 

^ro. Thus the specific heat at constent volume is a 
function of the temperature, and this will 
hold for 7 , the ratio of the specific heats. New the tem- 
Lie oE . perfect g.s tUermometer jnlh 

the thermodynamical soate of temperature only it 7 is a 
c^ste^and hence these scales strictly do not commde 
Therefore, if the temperature, as measured by the 
gas thermometer, is expressed in terms of ^ 

on the thermodynamical scale, the equation of a perfect gas 

^ = RT..^('r). 

It ^n now be shown similarly as before that the fam^on 
6 also involves the volume v. f«thfuUy, 

R. D. Klbbmak. 


nhe Bdilore do not hold tlus,n»eloe$ reepo^ie fdr the 
piewi &cpTe$sed by their correepemipi^*} 
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LXXI. Jonizathn Measurements y~Rays. 

B;f J. A. Chalmeks, B.A., Queens* College, Cambridge 

1. Introduction, 

M easurements on ^-rays can ©nly be carried out 
by measuring some property of the secondary / 8 -rays 
tijey release from matter. Various properties are available, 
and, in particnlar, the most direct information is yielded by 
measurements of the number ‘‘J* W or the energy of the 
/ 8 -rays; but such experiments, owing to their length and 
difficulty, are not available for a great deal of the work 
on •y-rays. The work has largely been carried out by 
m^urement of the ionisation produced in the gas in a 
chamber, and thus it is of great importance to consider what 
meaning may be attached to such measuremenhi. 

Since the ionization is a tertiary effect, being produced 
by the secondary ^-rays, it is clear that ionization m^snre- 
ments cannot be expect^ to give direct information about 
the primary y-rays. Tliough it has long been recognized, 
e.g. by Bragg in 1910, that ionization from 7 -rays is a 
complex phenomenon, yet many workers have, in default of 
oRier data, been forceo to summe tihat ionizations measure 
eil&er number of quanta [«.p. Ahmad Kohlrau 8 ch<®\ etc.] 

• Oommonicated by Sir B. Butharford, P.B.S. 

Phil. Mag. S. 7. Vol. 6. No. 38. &tj^l. Nov. 1928- 3 C 
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or -v-rav enerev f#. 9- Miss Sxmidt<’>, Ellis and Wooster »>, 
and others in connexion with the RaB/^(5 y-r*y energy 

“The Tariation with freqnency o£ the ionisation per qnaiH 
turn is conveniently termed the « ioniaition fnncUon, a^ 
clearly might depend on the conditions need, on ^ 
shane^ size, and material of the chamber, on the gas 
cmiteined, on the relative positions of the sonrce and 

meamreneot. o! y.^y> mV ^ 
two mm d.u«>: («) the coinl«n«.ii ot mree. hemg t^ 

1 _ 1 “ 



Mirarements of class (a) cannot affected by ^e tra¬ 
ditions used, but those of class ( 6 ) may be so affected. 
The simplest case to consider is that of the compansra 
of two homogeneous 7 -ray beams, and this can easily to 
extended to more complex cases; what can 
measure are J„ Jj, the ionizations produced by N„ N, 
ouanta respectively of the two beams ; if Ij, h are the 
values of the ionization function of the electroscope tor the 
two frequencies of the 7 -rays, then Ji = ^i/i* ", == INjl*. 
If we keep the external conditions unaltered, the relative 

number of quanta will be unaltered, i.e. is constant; 

so ac and hence we can investigate the change in 

J, Ij’ 

ll, the ratio of the values of the ionization function for two 
Ij* 

frequencies. 

2 . OhjetAt and Nature of Experiments. 

The objects of the experiments carried out were to 
demonstrate as simply and unambiguously as possible the 
affect of the ionization function on 7 -ray mewurements, 
to obtain an idea of the magnitude and to see how it must 
influence past and future 7 -ray lonf . P* 

wurce used was a radium standard of 7*65 mgm. giviM 
almost enUrely from RaB pd BaO; Bus is parl.- 
Llarly suitable as there are two distinct groups of y-raya, 
from RaB and RaC respeeavely, of eonsiderable frequency 
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^fference, while each group is itself heterogeneous. Thus 
If we can measure the relative ionisations of the two groups’ 
or of two parts of the same group, we should expect tW 
resulte to be dependent on the conditions if the ionization 
fnncUon has any appreciable effect. For measuring the 
lonmations a gold-leaf electroscope of a normal type was 
used, the leaf being suspended inside the chamber invosti- 

To yarf the relative intensities of rays of different 
frequencies in tbe beam, absorption in lead sheets up to 
3 cm. in thickness was used ; the results can be plotM as 
t logarithm of the ionization against the thickness of 
al»orber. It was foimd, as is well known, e. q. thyf . 
beyond about 1-8 cm. the points lie well on a straight line, 
t. e. that the absorption is exponential. The slope of the 
line gives the absorption coefficient of the RaC rays, and 
fhe intercept on the axis of zero absorption gives, vide ^ 
the fractions of the total ionization due to the RaB and RaC 
7 -rays. For the complete description of the absorption 
« i? ^ find also the absorption coefficient 

of the RaB rays by subtracting the effect of the RaC rays. 

It IS not possible to make use of a change in ionization 
function due to altering the shape or size of the chamber or 
the relative positions of source and chamber, for as has 
been pointed out by Keetman and others, the a4>rption 
curves are here altered owing to differences in the <>4avs 
entering the chamber, because of scattering. We are here 
concerned with the difference in the effects of similar beams 
of 7 -ray 8 , so we must keep all conditions outside the 
chamber constant. The changes in conditions that remain 
available are alterations of the gas or pressure inside the 
electroscope, and change of liSing of the elec^ol^® 
Ihe hrst ex{»riinents earned oat were concerned with Oie 
effect of pressures above atmospheric; but, to an accuracy of 
about 4 per cent, in relative ionizations, the absorpUon 
curves showed no definite alteration for pressures np to 24 
atmospheres, so d^ription of the experimental arrange¬ 
ment 18 needless. The variation of the gas in the chamfer 
was earned out in one instance by using 00* in place 
of wr, and the effect was inappreciable ; but there are con- 
«demble f^turw of mterest ja other work on the subject; 
Rutherford and Richardson <»> and Richardson <>» used 
methyl iodide in the ctaimber, and increased the effect of 
tbe BaB r:™y« to «5 per cent, of the totol effect, as 
^mi»red with 10-20 per cent, for air ; they also noticed 
that the absorption coofficient for the EaC rays is different 

3 C 2 
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^th methjl Iodide from that with air ; these wsolts will be 

eonsid^rea later with th^ results of the present 

experiments. The alteration of lining was next 

gated, and lead and alnrormam were used ; eight different 

mngemenla could be obtained by ch^gtng ^e base, walh^ 

md top. Work on the variation of Pf 

been carried out by Bragg 

Clark <*«, and others ; Bragg and Keetman 

with the Vrays used, of the relative lo^uons for Afferent 

linings ; Sti&erknd and Clark found variation with the 

position of the source; and Keetman made some roe^^e- 

ments of absorption curves, in which he found the soft 

rays more effective with a lead lining than with zinc or 

pa^r linings. These results will also r«5eive further con- 

sideratiou* 


Experimental Arrangemenis* 

Owing to tho great effect of the particular geoiiietricaJ 
form of the apparatus used, this must be described in some 
detail, and its general form can be best seen from the 

electeosoope was a cylindrical brass vessel with axis 
vertical; the ba^ was 4 mm. thick and the walls 2 mm. 
The electroscope was covered with 2-3 mm. of lead to 
exclude stray scattered y-rays, which were further decreased 
by the position of the electroscope in front of a glass window. 
The lead linings were 1-53 mm. thick, the aluminium hd 
and base linings 1-63 mm., and the wall linings 6 2b mm. 
To change the linings the lid was completely removed. 

The lead blocks enclosed a rectan^ile aboat 2^x 5 cm. ; 
the absorbing screens were rectangular, and all witiim the 
limits of 10x8 cm.* and 6x6 cm. ; the source was 
cylindrical, of diameter about 1 cm. and length about 
4 cm The geometry of the apparatus was so arranged that 
the only y-reys able to impinge on the side walls ^re 
ibose Bettered in the base; this obviously is t^ ^st 
arrangement for theoretical discussion, but the canalization, 
necesLry to ensure this result, reduces the intensity 
oonsklerably, and would not in general be dwimble. 
To awJertain the effect of allowing the y-rays to hit the 
sides of the chamber, another set of experiments, reterr^ 
to as Set n., was carried out, when the <^8tance from the 
source to the base of the electroscope was 18 cm., the thick¬ 
ness of the lead blocks 4 cm., and the square encli^d of 
side about ^ cm. Set II. represents more nearly the 
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dispositioti the apparatus in the normal nse o£ a 7 -ray 
electroscope.^ Other conditions were similar in the two sets. 

Th^ s^sitivity of tlie electroscope did not remain ^nite 
constat, end so readinj^s were taken with a standard 
absorber |[l’ 6 y mm. of lead] between readings with other 
absorbers; each group between standards contained cuies 


Fig.i. 



of large^ and small absorption intermingled, to eliminate 
systematic ohange8.g 

Beading were corrected in the usual way for natural 
mk, and the results represented by plotting log I/I^ against 
absorbing thickness, wliere lo is the corrected rate of leak 
for the standard absorber, obtained, for the time when 
I was measured, by interpolation between the two standard 
readings. 
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The best straight line on the logarithmic cnrve, for points 
bejond 1*8 cm. absorption, is drawn, and from the slope 
and intercept we can obtain the absorption coefficient and 
fraction of ionization due to soft rays. Since the drawing 
of the b«it line is snbject to some errors, no very great 
MCnracj can be clumed for the results, and there may be 
3-4 per cent, error in the absorption coefficients and 10-15 
per cent, error in the fraction due to soft rays. 

The experiments carried out were intended mainly to 
show the alterations in the absorption curves, but the results 
oUained can also be nsed to give rough vdnes of J/J', 
the relative ionizations for two linings. For any one lining 
the accuracy of relative ionizations is about 1 per cent., 
but in comparing two linings there is the possibility of 
a change in capacity, so results for J/Jj cannot be relied on 
to more than 10 per cent. The voltage sensitivity remained 
fairly constant at about ^ micrometer division per volt, with 
a microscope giving a magnification of about 20 diameters; 
the capacity was about 5 cm., but could not be measured 
very accurately. The values given represent the current in 
volts per minute for zero absorption. 

In addition to the table of results the complete absorption 
curves for two cases are given in the accompanying graph 
(fig. 2). The two cases chosen are those for wholly lead and 
wholly aluminium linings in Set 11.; this pair is chosen 
since they best show up one of the features of which 
mention will be made. 

4. Table of Experimental Remit*. 


Cbfiditions. 

.. a . 


Set L 



Set II. 

Bm, Walls. Top, 

Fraetion 
dae to 
soft tajs. 

Absorption 
aoeffimeot 
of bard rajs^ 

Tolts per 
min. for *ero 
ab^rption. 

Fraction 
du« to 
•oft rajt. 

....L.jai ..J . . ^ 

AbsorpHon 
eoeffidmit 
of bard ra|S, 

4 - pb -> 

•25 

•50 

43*4 

•185 

•54 

< - Al -> 

•12 

*51 

207 

•00 

*52 

n ii—> 

•19 

•51 

le-s 


•51 

M n M 

•19 

•51 

43-2 


*50 

4—Fb—> Al 

•22 

•50 

30-5 

•22 

•53 

Al JPb 

•20 

•52 

53*4 

m 

•52 

n 


•50 


•10 

•52 

tb Al fb 

•20 

‘49 

21*2 

•19 

•52 
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5. Discussion, of Experimental Results. 

It is at once obvious from the table, and, perhaps, more 
obvious from the graph, that the absorption curves are very 
materklly altered bj changing the lining. It must be 


Fig. 2. 



eraphasiaed that all conditions, except the lining, are kept 
identical tfarougliout one set. Although we may not be 
able to define what y-rays actually are entering the electro¬ 
scope, we can be confident that for any one absorption, in 
one set, the same lienm of y-rays enters the electroscope no 
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Jtter wh»l be U JhiS 

Za for .b.orp6on of 7-™y» >■> “ ‘‘.'1“ 

than in the present eipenmmte, there is definite emdonce 

‘'*^.'Sn?toS.”!lX’ter r;„fl fraction, or, which 
amonrtel same thing the ^B/RaC ioni«t,™ 
there can he no donht that the '''to^ 

lead gives an increase, winch may l)e as in 
o£ 2 V 1 . Now, as previously 

Srofrr£tr\=te‘rttthi'..“J^^^^^^ 

.„. electroscV did "ir™.“Z ,5r.Iy Zl So 
Sfeittrrh^r^ »tnre a definite property of th. 

the relative total ionizations, we see that a 
io-ation, but a If bas« 
a Scrme which is less than that accountable for by extra 

•H'nftS'gtXi. in passing from Set l te 

Set II., w. cannot « “ ^„“'f„‘S”'thS’ llectrosSope. 

?.“iT"u-birr.nrg» . ‘^.t the 

lead ’walls have more e£Eect in Set II. than in Set I. 


6o 

Up to this, the ionization has ®«f f 
an indirect result of the passage of the 'i-myn , tor 
any explanation of the results, it is ®®“*the 

in some detail the various processes f 

lu „-;mnrv «f-rav8 and the ionization prouncea. 

•?hrrraTS may be'aUrbi pheto-eleotrioally or sMttered 

and will^in each case give rise to a t^e’cas 

J-rays produced in the metal may emerge into the gas, 



753 


Ionization Meamrementt (^y-Rayt. 


til© chance of so doing depending on their place of origin, 
energy, and direction of emission, and on their chance of 
absorption before emergence. The /S-rays, when traveUing 
in the gas, will lose energy which appears as ionization, the 
amonnt depending on the velocity of the ; 8 -rays; when 
they strike the walls of the electroscoj» the /S-rays may be 
absorbed or they may be scattered mck [reflected], the 
chance depending on their velocity. Also, y-rays which 
have been scattered will possibly again give jS-rays later. 
For a complete analysis of the problem it would be necessary 
to nse: (a) the laws of scattering and absorption of X-rays 
and their conversion into /S-rays; (fe) the laws of the 
passage of the ^-rays through matter, including scattering 
and loss of energy j and (c) the relation of the energy lost 
by R-r&js in a gas to the ionization produced. Besides the 
great amonnt of calculation involved, there are so many 
features of uncertainty in the laws that the calcnlation of 
the ionization function is not, at present, practicable ; rongh 
approximations will be considered later. But, fortunately, 
the main features can be given a qualitative explanation 
without sncb calculations. 

To simplify the discussion, we must take the BaB and 
RaC rays each to form a homogeneous gronp of X-rays. 
Experimentally we find Ji^Jj tlie ratio of the soft and bard 
ionizations; if N|Ns are the number of quanta and lil, 
the Ionization functions, then •Ti/Js^Nifi/Njlj ; without the 
calcnlations mentioned we cannot obtain Ij/Ij theoretically. 


and without a knowledge of Ni/Nj we cannot obtain Ij/Ij 
from experiment. All data for Ni/N*, except Kovarik’s®, 
which is only obtained indirectly, are derived from ionization 
measurements, i.e. depend on N,Ij/NjTj. If primed and 
nnprimed letters refer to two different linings, then experi- 


I. 0 . 


N,I, 

"NJ, 


and 


N,I/ 


the 


same. 


J J' 

mentally we can obtain a***! T^/ 

N J* Oj 

since is unaltered, the geometry being 

"s J /J ' I /I ^ 

Hence we can get t / = r / » and no knowledge of 

^ Jj/ Js Ij/ Ij 

*8 now needed. 


We are now in a position to consider the explanations 
advanced by previous workers, in particular Bragg and 
Keetman<^®>. Bragg’s work is concerned with different 
linings, without alteration of the quality of the 7 -rays, 
i. t, he is concerned only with the variation with lining of 
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the ionization function for one beam, not, as m the 

experiments, with the change of the relatiTe values t^o 

beTms. His theory is that the ioni^tion is 

(a) the mass absorption coefficient of the lining, ,, 

total range in the lining of the 

see that oHier factors are also concerned, but 

contains the most important features. Keetoan 

the relative ionizations in lead- and jiaper-lined elmmbers 

ft; wlriri^(B+C), MsTh and Rd^ m each ca^ 

filteTe<l^and unfiltered; by considering the ‘J®***^” ^ 

depend only on the chances of absorption in the gas and 

metal, he ob^tains an explanation which, though incomplete, 

is adeouate to account for his experimental results. 

Tomicount for the exi>erimental results, we must eoropar , 
in tu™, paira ot condition. »horo one part ^ 

lining is altered from alnmmmm to lead, ^ 

snffices 1 and 2 refer to soft and hard ^ « i 

and nnprimed symbols to the two lining condition , 

^1 . ^ L wliere J^s represent 


experiinentelly the ratio 

iouizations. This, we have seen, is equal to 

Ts represent the ionization functions Since 
is due to the secondary /3-niys, and these can 
origins, we must divide each I into four parts, A, B, 

D correspondint' to photo-electric effect and Compton efte 
to thnS; and the two effects in .he gas respectively. 

« hlh' Ai+Bi + Ct + Di 

^ Is/ls'“ Aj+Bj + ^s^-l^* A,' + Bi'+Ci +Di 

We know theoreticallythat for T-rays the chan^ 

effect where* variation with wave-length is » 

^nd wito Z of the first power. Thus we see that p^^ 
electric effect is negligible tor air and aluminium, 
with Hie Compton effect, but of the same 

verified bv Ahmad's »> separation of the effects 

*cportiOT.dto Z Md to Z*. So,«ith ur in ^ 

Cvm, neglect a.. “C” ‘®'T’rS;''., r.’.Jl. * 

' of aluminium we may also neglect the A 
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As the simplest case for detailed consideration, we will 
take the replacement of an alnminiom base lininjj by one of 
lead, the rest of the lining being taken, for definitivenew, 
to be alnmininm, though the arguments apply equally to the 
other cases. If the unprimed and primed symbols refer to 
the aluminium and lead base linings respectively, and the 
suffices 1 and 2 to the RaB and EaC qr-rays, then the 
measured RaB/RaO ratios give, as we have seen, a value lor 

I* 1%'* ****‘^^ ionization functions or ionizations per 

quantum. In Set I. this is, in the case considered, Mual 
to -4 approximately, and we iiave to account for this. Sin^ 
tile lead base absorbs the <y-ray8 more than does the 
aluminium base, and this is more effective for the soft rays, 

this alone would make ^ equal to about 1"3*. So the 

remaining effect, accountable for by the partition of I into 
A, B, C, D, must give, if acting alone, a value for 

h |l[ of = *3, and we must account for this value, 

if* I’s are now ionizations per quantum reaching tlie top of 
the base lining. Tim ionizati..ns due to Compton absorption 
in the gas and top | and also in the wjills when the argument 
is extended to Set II.] will be unaffectol by the change of 
base lining; so. including the effect from the top lining 
with that from the gas. p*=D,;. It can be 

shown that the ratio of ionizations due to Common effect 
in the base for the two Y-rays « the same for both linings, 

f. e. ^ ~, but this is considerably less than the ratio for 

Bj Bj” 

• Umg priming and suffices as before, let b? 

coeBS,l. .‘the thkknesaes of toe ‘T «»»». £ 

numbers of quanta at the under side of the base hmng. Ih 
the nuiithers of quanta at toe upper side ot the base lining 

Nie-ai* If this alone aflfected j-* ■ 

♦ 

it wotild pTe ^ ytim of 
Using the Tnlnes 

^,»=-l8cm.-*, ^i’*2-9cm.-S ^,'-*61cm.->, 
*=■168 nm,, *'=-l^cm., 

this gives ^4,<i.5S-.44xi-63sBe’*9 approximato^»l*8. 
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A ' 

jiioto-eleetric effect^ This shows certainly tiiat 

A% 

I /I ' 

^ will be less than 1, and we can obtain the expected 
^2/ h 


^ Neglectiog tlie cha^ of y-ray iat^osity ia the 3*ray ^ge[tlioagh 
this can be brought in by altenng *^/*’ later], the base lining may be 
considered to be a homogeneous though noiwbotropic source of Compton 
secondary ^-rays. For any given y-ray the energy of the /3-ray ejected 
at any angle is independent of the metid. iSperiments have been 
carried out by W. AVilson^i^', Yarder^t^>, Madgwick and others on 
the ionization due to homogeneous iS-rays after ]»as9age trough various 
thicknesses of absorber, using diffaient metals and i3-ray velocities; the 
resulting curves cannot be directly used, for they depend on the electro¬ 
scope used, hut they show two general results of conjjiderable use: 
(a) the ** range ” of "the jd-rays, in electrons per sq. cm*, is nearly the 
same for all metals for one /^raj velocity; {b) the form of the curve is 
nearly the same with change of ahscissal scale, for one metal for all 
v^ocities; that is to say, tne area under the curve is equal to the 
product of the lonbatioii "for sero ab8or|)tion, the range, and a factor 
which depends only on the metd and not on the velocity. 

Since ^-rays are produced at all distances under the surface, the 
total ionization due to ^-rays ejected at angles fr<im 0 to 0-\-0d will he 
this area mentioned; this is/. kd0 .i.H cos 0, where k d0 is the chance 
in unit distance [1 electron per sq. cm.] of one quantum causing the 
ejection of a 3-ray at this angle, i the ionization produced by one such 
0-r&j ejected at the surface, and R the range [in electrons per sq. cm.] 
[&, ^ and B all depend on d, but the suffix is omitted].^ tising lead in 
place of aluminium, ife, i, and R are unaltered, depending only on the 
Compton effect, which is an electronic, not atomic, property; so the 
ratio of Ionizations will he //f * Integrating for ali anglt^, we get 

Ba/B,'«///'. Similarly B^B;*//A 

Now, turning to the terms, we can use priming to refer to photo¬ 
electric effect, for the Compton effect is the same for the two linings, 
except for ** /s.” If Ei, are the energies of Compton electrons at 0 for 
y-rays of frequencies we have C“*>: E,/Ea=: where 1 <u<2. 

If El', are photo-electric eneigies, Ei/E^* = If we assume 

thi^ Ricos dac then 

Riix cos 0 IR 2 H cos ^ =5 (vi/va)»» fmd R/ii' cos iiR^h* cos 0 « 

Hence 

B1/B3 » • CTi/cTj., 

where o^i, are Compton absorption coefficients, and 

cri/fTa » (vi/va)l>, 

where ^l<p<0. But 

At I A/ a (vi/vs)**. n/n, 

whei^ ft, aim photo-electric absorption coefficients, and 


n/n - 

where-a<r<-2%5W* So 


A^' / nj 
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viilne of *3 by a rough calculation * of the relative magni- 
lude$ of the ionizations from different sources; since 
considerable approximations have been made, as much 
reliance cannot be placed on this agreement as might at 
first he expected, but it does show that the relative magni« 
tndes are not far wrong. The same argument can be 
applied to all cases of tne replacement of the aluminium 
base by lead, and a very similar effect is shown in the 
replacement of the aluminium top lining by one of lead ; 
since the Compton electrons are all ejected forward, those 
emerging from the top lining must have been scattered 
back, and so it is not possible to apply this preceding 


Kow 1—ft and r are negative, p is <—r, so we mn dedia^ tbat 

If ^ is tbe /SMraj veiornty, then, neglecth^ Mgh-order terms in 0, 
E oc ^ and i for unit distance oc 0 ^^; we can say that i probably oc 
where —3<s< —i. So RicosS or or oc E^-fThus m « 2+is, 


So 


a;'/s,'“W ~w 


where the outside limits for i ate —2|. But yi/v^ssapprox, 

so we get 


3®*> 


Ai' Bt' 

A? / 


>S’* 




♦ The mean eneigy of the Compton diectrons cmi be found from the 
theoretical values of the numbers and total energies of the Compton 
electrons I if a is the value of •024/X [A in die mean M is 

For the RaC rays, o = 1*5 nearly, so E%^ fWoC*, 
1 -4-~ci a 

while Eg*, the energy of die photo-electron, is oiftoc*; thus Ejf/Ea «‘ST5; 
then, as before. 

Rata cm B/IIJh cos d * (Ea/E/)®*, 


where i < «* < 1|, giving ‘23 < RaH cos 0/B^/h* cm0< *01. Using 
Ahmad’s values oi rra, per atom of l^id as 13’SxlO*^®^ ana 
7*2x10*“^* irespectivelv, •M<Ba7Aa'<l‘16. 

B-ss^iaRaCosd,/; where d is the height of the electro¬ 
scope in electrons per s^, cm. Thus similarly 

Bi/l>i«Ri cos 0fid. So 

l/n“E=w®'>‘=W’-)“- 


where l<ft<2. Tb 0 i 0 m, in addition, the part of the ionisation due to 
Compton effect in die top; hitherto we have conddered this with B, but it 
must now be treated apmrt. This ^ct can only be due to Compton 
elecWons scattered back; we know 33) tbat reflexion at alumimum 
Ipves about 30 per cent, of the initial ionising powei*, but the rays are 

leas l^etratlng, so fi is lass. We will take this as approximately |B* 
From Yarder^s mngai we can get R for dectrons of the mean energy 
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analysis directly. For the change of wall liaing from 
tluminium to lead there are two opwswg 
there is that of y-rays scattered froffi the hate ; 
same way as the base, the presen^ of lead 
the RaB/BaC ratio. On the other hand, there is an 
dne to reflexion of /S-rays at the walls; it is 
that i8-rays are more readily reflected by lead than % 
the faster the /3-ray the grater is the «ner£ 

loss on reflexion, and hence the grater the loss of lo^ing 

newer for the fraction reflected varies slowly with » 

E m^« energy is lost by /S-rays from the hard 

more enere^s lost at alumininm walls, we see that this 
“tlTSr ” aXUe to tbe IUB/B.C ~tto -hen Wd 
3lL^lauminium for toe wall lining. The two opposing 
ofLjts give in some eases an increase and in some a decrease 

"'we h-e seen how toe 

ratio can be explained qualitatively for ^t I., 
Snsidemtions can be applied to Set II., faring m mind that 
the .v-ravs from the source are falling directly on the walls. 
Thelbsiption coefficients can be dealt vath similarly, most 
bv considering two groups of BaC 7 - 1 ^ 8 ; then we 
should expect to finf a higher absMPtion coefficient where 
toere is a^igher BaB/BaC ratio. This is not noticeable in 
Set I but may be found in Set 11.; but, if there is a small 
inaecurecy to Lwing the line, this will, at toe same time, 
ILi-ease 4e BaB/B& ratio and decrease the absorptaon 
r-^ffirient or Se ver$d. The deflnite change of absorption 
c^fficient in the work of Rutherford and Richardson ” 
methyl iodide is explained by photoelectric effect in 
the gas, i. e. by the “ C ” terms here negli gible. _ 

and, using 

Ae* Jergy, we get B,[D, = 3/ approximately. la order to make 
calculations, we use 


Ar’ IK 

Ai'/B,' 




Th«m 

Tjh'~ 


SO 


b^+dJaT+BT+w 

B. +B.X j imK+K+Kx + 

Bs'+B.'+^| + X 




B, 

3xi 


B, 

T 


?L 

6 


1+2044 / lOO+l-bSOd-j „ .3 approjaamtaly. 

® 1+1+1 / 1+1+1+* 
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Tarning tu the resnlte for relative intensities in the two 
electroscopes, these can also rongblj be explained *, though 
the agreement is only to 20 per cent.; bearing in mind the 
difficulty in connexion with the capacity, this is quite 
satisfactory. 

It is possible to use the same approximatiens, have 
given ^e above agreement with experiment, to obtain 
a value of the BaB/fiaC energy ratio ; this gives a value 
of about *101> iu good agreement with accepted values, 
; this might make it appear desirable to carry out 
the calculations in more detail, but at present there is so 
much margin of doubt in the fundamental laws used that 
we must wait until further experimental data can give the 
laws more definitely. Though the approximations used are 
very rough, ‘ they give a satisfactory explanation of other 
results, and so may justifiably be applied to the calculation 
of the RaB/BaO ratio. 

7. Electroscope Measurements. 

As suggested by the argumenie in the introduction, y-ray 
ionization measnrements are very considerably influenced by 
the ionization function. Ionization measnrements, particu¬ 
larly with electroscopes, are exceedingly convenient for y-ray 
work, but electroscopes can only measure ionizations, and we 
have seen the difficulty of correlating ionizations with 
definite properties of the beam. By considering various 
types of 7 -ray measurements, we will illnstrate the uses and 
limitations of the electroscope. 

An interesting type of measurement to consider is that of 
the comparison of radium and tliorinm standards by means of 
7 -rays ; since the 7 -rays are of different hardness, it has 
long been recognized that the comparison must depend on 
the amount of filtration, and comparisons are always given as 
measured through a certain thickness of lead ; hut, since the 

e For hard rays In the wholly aluminium electroscope, the ionisation 
is ’BS X 207 volto/mlnute; with* a lead base, it is ‘81 X 19‘8. This ^ves 
a ratio experimentally of 18*2/1 S-Oss 1*14. In the preceding calculatioiis, 

so I,/r,'*7/8^ correcting for 

ibao^tian in the base^ this girm *68/*74s^ 

t For a wholly alumisium electroscope, NiIi/N2la3=s’12/‘^ experi- 

menbidlys From the previous calculations, I,/I, 

With the same kind of approximations m before, 
Bi/Bssas^, Whence we get I,/l2:*4d2; so Ni/Nas=*SD and 
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y-rays are of different qualities, the electroscope used will 
have an effect, and so a comparison of 7 -ray activities of 
radium and thorium sources should include a speoificution of 
the electroscope used, as well as of the thickness of’ lead. 
An important determination of this type is the ratio of the 
number of «-particles from radium and thorium when the 
7 -ray activities, measured through a certain tliiokness of 
lead,' are eoual; this has been carried out by Shenstone an<i 
Schlundt % and by Watson and Henderson but their 
results are not absolute, depending as they do on the 
electroscope used ; but, since Watson and Henderson 
required their results for work on the heating effect of 
«-rays^*®\ and they used the same electroscope for the 
purpose of measuring the strengths of sources in the two 
experiments, so they are justified in using the results. Any 
other property of the sources would have been equally 
useful, but the 7 -ray ionization is most convenient. This 
forms a good example of the way in which ionization 
measurements may be applied without error, even though 
they are concerned with 7 -rays of different qualities. 

As seen from the present experiments, and from previous 
work on the subject, the KaB/HaO ratio depends very 
largely on the electroscope used. It also appears probable 
that absorption coefficients are similarly affected ; since 
absorption coefficients are made the basis of much theoretical 
work, e.g. it is useful here to consider them more 

fully ; if we can measure quanta, N, or energies, E, as well 
as ionizations. J, we can obtain the three absorption 

coefficients fjkg, and /tj, from etc. With a 

homogeneous beitm of 7 -rays, fij,, /is, and would be 
equal, but no such beam can be obtained, and if obtained 
would soon become heterogeneous by scattering; thus 
/if can never be equal to /t or /is, and this is the reason 
why absorption coefficients for ionizations cannot be used to 
give energy values, e. 

The most interesting of the deductions from absorption 
coefficients is that of Kohlrauseh Using 7 -ray intensities 

deduced from Tbibaud’s results, and the accepted 
absorption laws<‘®^<**\ be calculates the expected absorp¬ 
tion coefficients, and finds divergences from those from 
ionization measurements ; he is tacitly assuming that each 
quantum produces equal ionization, thereby neglecting the 
ionization function, but it is unlikely that this will produce 
sufficient effect to account for his divergences, whicn must 
still be traced to the absorption laws. 

From these experiments it is also possible to obtain 



Ionization Measurements of y.Rays. 


, ^ V 761 

intonation to guide in the choice of an electrosconn f«r 

greptert ionisation is ptodncod in an eleotr^L^tl.^ * 

iiitimininfn base and ilie ± 1 . an 

to bo ohoson tor tto griS sonSiL if Jj”’ " ““ 
tbo soft rar,„i„ cafso'dMoSro&r dirttrorZ L' 
such factors as transient equilibrinm fbA^ +I 1 ^ due to 
mininii,^ by tho nso o£ a wholly .InmWom Itain,?- hr 
^-ray measurements it is desirable to diminish tho^-l mv 

i's dosiX ■®“‘" «l-nininn. Llro2^ 

Wsalion insido to'£'*o5Sd'^o thatTn an°l,Ml”olMe“t 
?’ absorption coefficient of air it is 

L'ia.tLn o™^ira^c,’'StWrT “‘•(('““"i fto 

inati»ab,.,a„otirS?,iht‘jifcfc;%r? 

™r Tr1 1 ''’“. ™ ™coe«ion on a nnS „f 

parallel lead plates with air between ; if all the secondarv 
^-rays emerge from the plates, if we can nefflectTTj^ 

and if all th^ 7f-rays are 
absorbed, then ionization will be proportional to eLrav bnt 
these conditions are not fuelled. To obtain a method wbtl 
allows ionization functions to be easilv <anI/.T.i + a 
faced with the difficulty of obtaining a definite 4*00 fot tT* 

.omaation d,„ „ ji„g|„ .r«.„d."r, ^!™y'!',A a I voir* 

in tbe g... With a ™»11 cbamb^nr^oT p«^t':5 
S^nd™f“j/”®om'''bnt ioniaatiin fo 

oliininato th.^ffoof'of roL on” 

property of y-ray beams a. « Qcing some definite 

ionization measurements are quanta, then 

gmng a Tory rongh indication of tL ™lS(*™ . A™ wU'r 
PM. Ma^. S. 7. VoL 6. No. 38. Suj^l. iV^oe. 1928. 3 D 
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8. Summary. 

The ionization produced in a chamber is only dependent 
on primary y-rays throngh the agency o£ the secondary 
i8-rays, and hence may not measure any definite property <« 
the y-ray beam ; experiments hare been <arried out which 
show striking alterations in the relative ionizations o£ the 
RaB and RaC y-rays when the electroscope lining is altered, 
the y-rav beam being the same. A qualitative ®**d a very 
rough quantitative exjilanation are given, using well-knwn 
ideas o£ absorption and scattering of R- and y^rays. ihis 
demonstrates the part ot an ionization function in 7**^^ 
measurements, and the consequences of this are considered 
in relation to past work and in connexion with the limitations 
necessary in the use of ionizations to measure y-rays. 

It is a great pleasure to thank ProfesTOr^ bir Ernest 
Rutherford, who suggested the problem, for bis interest, and 
Dr. C. D. Ellis, who is responsible for many of the ideas 
ombodied in this work, for his constant help and advice. 
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LXXII. The Hemrtbeai considered m a JRehueaiion OsciU 
and an Electrical Model of the SfearL By Balth. 
vm DIB Pol, and J, tak bbe Mabe 

[Plates X.-Xn,] 

1* RelamcUion Osdlk^ns. 

T he equation 

5 —a(l—ce*t?«0 . ♦ . * • (1) 

is representative of an oscillatory system of which the 
resisknce is a function of the elongation. When « is a 
positive quantity the system has a resistance which for a 
small amplitode is negative. Therefore, the position 

is unstable. When, further, 

a»» ..(2) 

it is obvious that as long as 

the variable t» will initially leave the value e«aO in an 
aperiodic way, but when later 

u»>l, 

the resistance has changed its sign and has become positive 
and, therefore, v will have the tendency to go back again 
towards r=sO. The possibility of (1) even with the 
condition (2) having still a purely periodic solution is made 
plautibie by the above considerations, and a full description 
of the solutions of (1) was given by one of the present 
authors some years ago f. 

It followed from the research mentioned that the 
fundamental period T,^ of the solution of (1) with the 
condition (2) is 

e Commualeated by the Autbors. A more detailed account of these 
coasidemtioas will ap^ar in the next issue of VOnde El^itdque. 

t Balth. van der Pol, Phil* Mag. ii, p. ^8 (1926) ; Jarhb* d, dr, Td, 
(Z$.f Mmhfre^, TeehnOc) xxviii. p, 178 (1926), xxix. p. 114 (1927). 

3Di 
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If (1) is taken to represent an electrical oscillation 



and thus 

T^ei = P61R0, 

and therefore the fundamental period of the new osoillutions 
is^ apart from the numerical constant, given by a time^ 
constant or relaxation time^ and for this reason the name 
relaxation oscillation was suggested. In fig. 1 (taken from 
the paper mentioned above) the solntion of (1) is depicted, 
and it is seen that the wave form ’’ deviates very con¬ 
siderably from the sinus function. 


Fig. 1. 



Graphical representation of the solution of equation (5) with the 
condition In this case the equation represents a re¬ 

laxation oscillation " which is characterised a, o. hv its form depart¬ 
ing in a verj marked wajfrom a sinus curve. Sudden jumps are 
seen to occur periodically. 


A further research of the behaviour of a relaxation system 
under the influence of an impressed periodic electromotive 
force of small amplitude revealed very remarkable synchroni* 
zation properties *. 

In fact it was found that, when this B.M.P. was near 
resonance, the free relaxation period of the system could be 
varied over a wide range (of the order of an octave), the 
aystem continuing to vibrate with the impressed period. 
Also the system was found very easily to synchronize on 
a stdfharmonic of the impressed i. when the 

frequency of the latter was mo, the fundamental frequency 
of the forced oscillation in the system was <»o/n, n 
being any whole number up to 100 or 200. These relaxation 

a Balth. van der Pol and J. van der MarJ(, ** Frequencv Demultiplica¬ 
tion ” * Hature; Bept. lOih, 192T. 
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enable us to realise nfrequencv demulti- 

felSttion showed that <he amplitude of the. 

elaxataon oscdlati^ could not considerably be influenced by 
the external E.M.F. Therefore, the frequency of a rS 
ont^tUahon can easily be influenced by an external ptiriodic 

is quite “ rigid.” Exactly the 

a^«m\ 

E.’m p ’ * *^^^*^^* oscillator under the influence of an impressed 
have properties of relaxation oscillations we 

(a) their thne period is determined by a time constant 
or relaxation time; 

(b) their waveform deviates considerably from a sinus, 
and, as very steep parts occur, many hieher 
harmonics of pronounced amplitude are present; 

(.c) a small inipessed periodic force can easily force 
the relaxation system in step with it [automaik 
f unchronuatton even on subharmonics) while under 
these circumstances, 

(«) the amplitude is hardly influenced at all. 

Though relaxation oscillations were originally derived in 
the way outlined above, it will be clear that they are to be 
found in many realms of nature, for there are many 
different types of relaxation time. We are mostly used to 
hnd a decay phenomenon to occur only once in a special 
experiment, and it is typical in the case of relaxation oscilla¬ 
tions to hnd snch an asymptotic occurrence to repeat itself 
periodically. Obvionsly this automatic periodic re-occurionce 
ot such a typical aperiodic phenomenon is closely related to 

e»ergy source which is to be 
foimd behind the negativity of the resistance of (1). 

feome instances of typical relaxation oscillations are ; 
the seolian liarp, a pneumatic hammer, the scratching noise 
ot a femfe on a plate, the waving of a flag in the wind, the 
umming noise sometime made by a water-tap, the squeaking 
of a door, the multivibrator of ibrabam md Bloch t, thf 

a^lication date Febr. 17^ clxm.p. 402, 

iTfound in IbiUh van. 

Abiabam & Bloch, Ann. de Pkymgue, xii. p. 237 (1918). 
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tetrode multivibrator the periodic sparks obtained from a 
Wimshurst niachine, the Wehnelt interrupter, the inter¬ 
mittent discharge of a condenser through a neon tube, 
the periodic re-occurrence of epidemics and of economical 
crises, the periodic density of an even number of species of 
animals living together, and the one species serving as food 
for the other t, the sleeping of flowers, the periodic re¬ 
occurrence of showers behind a depression, the shivering 
from cold, menstruation, and, finally, the beating of the 
heart 

In all these examples the frequency of these periodic 
phenomena is not determined by the product of an elasticity 
and a mass but by some form of relaxation time* 

That the frequency of these perioilic phenomena is not 
rigidly consent is due to the fact that a relaxation time 
is determined a. o, by some form of resistance, and it is a well- 
known fact that outer circumstances may much easier 
influence a resistance than a mass or elasticity, 

2. Schematic Dtfnamiml Representation of the Heart, 

In applying the theory of relaxation oscillations to the 
beating of the heart we will consider the heart as a system 
of three degrees of freedom : the sinus^ the atniim {auricle). 
and the ventricle. As normally the two auricles heat in exact 
synchronism and the same can be said of the two ventricles, 
we will further speak of the auricle and the ventricle. 

When we consider the heart as having three degrees of 
freedom only, it will ha obvious that we exclude at the 
outset those movements of the heart which can only^ be 
described by partial differential equations. For instance, 
wa cannot find hack the finite velocity of propagation of 
contraction over the wall of the heart. We therefore shall 
not consider flatter or fibrillation, as these phenomena are 
directly connected with progressing and standing waves. 

Beturning to the view of the heart having the above- 
mentioned three degrees of freedom only, we consider each 
of them to be able to perform a relaxation oscillation by 
itself, each of the three having its owm natural perioil. 
Moreover, a coupling exists between the sinits and the 
aurmle, the former acting on the latter. Another coupling 

♦ PM* IL p* 091 (19^). 

^ Voltem, Accm. Limei^ Mti (1926). 

t The view that heart beats belong to the type of relaxation 
tions was first expressed two years ago bv BMh. van Pol (Phil. 
Mag. ii. p. 992 (1926)). ' 
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exists between the anricle and the ventricle, which oonplins 
>8 realized through the existence of the handle of His. 

In a normal heart both the couplings mentioned have the 
pe^liarity that they transmit a stimulus in one direction 
I.C., from the sinus to the anricle, and from the 
anricle to the ventricle, respectively. These couplings are 
therefore in the normal heart of annidirective character. In 
an e^trical model to be described later <m, these two 
couplings are therefore reiiiesented twotriod^, which do 
not amplify at alt, but which were simply inserted in order 
^ P*‘ovide a unidirective instrument. 

paper is to give a general connected view 
of the heartbeats considered as relaxation oscillations. The 
properties of these oscillations, which have lately been studied, 

fig. 2. 

E 


C 


A system capable of piwhicing relaxation oscillations. It consists of a 
neon lamp Ne a condenser C of approximaiely 1 micrfflfarad, a 
ra»8ta^ K of the order of 1 megohm, and a battery of about 
180 volt. 

enable us to consider tbe rhythm of the heart from a new 
^neral point of view, giving a logical connected account of 
the h^r^rhythm. According to this new theory some anoma¬ 
lies of the heart-rhythm can be predicted, which, so far as 
the authors are aware, have not yet been observed or 
fecognizod in the human heart, 

3. Medrical Model of the Heart. 

In constructing a model of the heart according to tii© 
theory expoumtea alwve^ various systems capable ef pro- 
ducing relaxation oscillations could be chosen. As a ^y 
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practical example, which is also well snited for demonstra¬ 
tions, an intermittent discharge through a neon tube can be 
made use of. Such a system is depicted in fig. 2, where JB 
IS a battery of say 150 to 200 volts, R a resistance of the 
oi^r of 1 megohm, and C a capacity of the order of one 
microfarad. 

As the eh^ging-np time of the condenser is given by the 
product of the opacity 0 and the resistance R, the time 
period of ti]Q^ rolaxation oscillation will bo obont 

CR =S 10“® * 1 see. 

We therefore see the neon lamp to give a short flash once 
about every second. 


Kf.3. 



Schematic repr^ntetion of the heart by ti.ree relaxation eysteme: 

A («Auncnlmi.). and V (=Ventriculoin)/R « a 
motion syatein representing in the model the finite time 
for a stimulus to be transmitted tbrougb the A-V bundle. 


In fig. 3 the heart is represented by three such systems, 
whew Ae first one S stands for the sinus, A for the atrinm, 
»na V for the ventricle. Between A and V a rectan<yle It 
IS drawn representing a retardation system imitating the 
taite tijme taken for a stimnlns to be transmitted from 
tbe atrmm through the atrio-ventricular-bnndle to the 
ventricle. In our electrical model this retardation is 
OTonght about by the action of a fourth neon tube, which 
tneietc^ takes care that the ventricular systole sets in 
Mmewbat later than the corresponding auricular one. 
Hewever, any other retardation system could be chosen, and 
we want to stress the fact that the working of nur model 
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is independent of the type of system nsed for this retarda¬ 
tion, 

/m' *h« complete instrnmeni is given in fig. 4 

' J Vc ®jr® **»*■«» “eon tubes S, A, 

V* “«• o are brought to the front of the instrument, 
each tesh corresponding to the activity of the respective 
part of the heart. 

At the back of Uie instrument three keys are mounted, 
with which a short electrical impulse can be given to the 
systems S, A, and V o£ fig. 3, thus causing extrasvstclsB of 
the smus, auricle, and ventricle respectivelj. Moreover, the 
coupling between A and V (the auricle and ventricle) can 
e varied at %ull, thus imitating the. beautiful experiments of 
ilirlanger of gradually clamping the bundle of His. 

The whole model consists of resistances and capacities 
only, and no intended inductances are introduced in the 
system. 

Electrocardiograms could be taken from this artificial 
heart by adding tbe current impulses in the auricle and 


Rg. 5. 


Typi^l electrocardiogram of the artificial heart. The P top and the 
complex^ are clearly visible. The T top however is missiBir. 
due to insuMcieut defimte data at hand as regard its origin. 


in the ventricle; a further filtering circuit was used to 
remodel soinewbat the form of the impulses, which were 
registered, after amplification, with a Uambridge oscillo¬ 
graph. Obviously this filter circuit had no influence on 
the working of the model, and is not used for ordinary 
demonstration purposes. 

A typical electrocardiogram of our artificial heart, 
working in a normal way, is shown in fig. 5, where tbe 
r top and QRS complex is plainly visible, while the T top 
IS missing. As the origin of the T top in the electro¬ 
cardiogram ot the human heart is not quite certain yet, we 
could not insert a repr^enting mechanism for it. 


4, Observationt and Measuremente made with the 
Eleetrical Model. 

4 o. Heart blmk .—^In fig. 6 we give nine films taken with 
onr model giving the effect of gradually decreasing the 
coupling ^ between anricle and ventricle, thus imitating 
the experiments of Erlanger on clamping the bnndle of His. 
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Film No. 1 gives the normal heart beat; No, 2 shows an 
occasional failure of the ventricle ; in No, 3 these failures 
become more frequent; in No. 4 we approach the case of 
2 :1 heart blacky which stage is reached in film No, 5. 
In No. 6 we have alternatively 2:1 and 3:1 block. 
Further, we see in Nos. 7 and 8, respectively, 3:1 and 
4 :1 block, till at last in film No. 9 the coupling hus become 
zero, which gives complete heart block, 

A typical case of sino^uricular block is given in fig. 7 
(PI. X.), where the first film gives the normal heart beat 
and the second shows clearly the block just mentioned. 



Electrocardiograms from tbe artilieisl heart obtained by gradually 
reducing the coupling between the A and V system (clamping the 
bundle of Hisu The development of 2:1, 3:1, and 4 :1, as well 
as complete heart block, is clearly shown. 

45. E^ra ayafoto.—When our heart model beate in the 
normal way we can impress a small electrical impulse on 
the ventricle. If this is done directly after a ventricular 
systole we find that nothing happens. The ventricle 
therefore is still in its refractory penod i the condenser 
of the T system is not yet charged up to such a potential 
that the extra E.M.F., superimposed upon it causes the 
total potential to reach the Hashing potential of the neon 
Imnp. When we repeat the same experiment slightly later, 
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after a ventricular systole, we find a flash of the V system^, 
to occur; the ventricle has now passed its refractory shite. 
When this flash occurs and we have therefore excited a 
ventricular extrasystole, the condenser discharges through 
its neon tube in a normal way down again to the potential 
where the gas discharge breaks, and thus we find back the 
famous law^ of all or nothing ” : a stimulus has either no 
effect at all or it causes a complete systole to occur. When 
we investigate into the magnitude of the stimulus necessaiy^ 
to cause a ventricular extrasystole as a function of the 
phase of the ventricular cycle, we find this stimulus to 
decrease exponentially with an increasing phase, as was 
to be expected. The magnitude of the stimulus E necessary 
to produce an extra systole as a function of the time 
counted from the moment of a former systole, is therefore 
represented by the formula 

E = 

'which follows directly from the manner in which a con¬ 
denser is charged through a resistance. No doubt a similar 
law applies to the real heart. 

Consider fig. 8 (PI. XI.), where the film No. 1 again 
represents the electrocardiogram of our artificial heart 
beating in the normal way. Film No. 2, however, shows 
a ventricular extrasgsiole given shortly before an impulse 
from the atrium arrives. It is clearly seen that the next 
following auricular systole finds the ventricle still in the 
refractory period, so that it does not cause a normal 
ventricular systole. When, as in No. 3, the ventricular 
extrasystole is caused to occur earlier in the ventri¬ 
cular cycle, the next coming auricular sjstole does have 
effect and causes the normal ventricular systole, so that 
here we have the case of an ^''interpolated*^ ventricular 
sgstole. 

Again in fig. 9 (PL XI.), film 1 represents the normal 
working of the heart. In film 2 an aurtoular eMrasyslole is 
caused. Here, again, the auricular extrasystole is followed 
after the normal time by a ventricular systole, but a 
compensatory period is found after this auricular extra* 
systole, so that the next one comes at the normal time 
rigidly determined by the frequency of the sinus. Film 3 
represents the same case, but with the diflferenoe that the 
auricular extrasystole was excited a little earlier than in 
film 2. Therefore the auricular extrasysiole finds the 
ventriculum still in its refractorj' period, and under these 
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circQmstances therefore the auricular extra^ystole is not 
followed by u ventricular one. 

Fig. 10 (PI. XII.), No. 1, gives the normal heart beat. 
Film No. 2 represents a case of a tinus e.mtrasystole. It is 
clearly seen that the original rhythm has been lost, as is the 
case in the human heart. 

Finally, we reproduce in tig. 11 (PL XII.) an electro¬ 
cardiogram of the human heart, taken in three normal 
positions 1, 2, and 3, with the same special amplifier used in 
the experiments with the artificial heart and also with the 
same Cambridge oscillograph, which has a shorter natural 
tame period and therefore responds quicker than the string 
galvanometer. 

This amplifier, which bad the property of amplifying the 
very low frequencies of say one half period per second or 
less, as well as the higher frequencies, enabled ns to make 
visible the real human heart, beat as periodic flashes of a 
neon tube. This neon tube flashed twice in each heart 
cycle, when it was connected to tht^ output side of the 
amplifier, the input side being connected to the two hands 
of the patient. 

5. Final Consideratione and Suggestions of new Possibilities, 

The very close analogy between the working of our 
model and the beating of the mammalian heart leaves no 
doubt that the view expressed in the former paragraphs of 
regarding the heart beat as a relaxation oscillatioii is correct. 
Therefore, without going into the detailed nervons and 
physical-chemical action of the heart, it can safely be con¬ 
cluded that what ultimately determines the period of the 
heart is a diffusion time (a relaxation time). As mentioned 
above, the model described represents a first approximation 
only to the action of the heart, and it could be extended in 
several directions, thus assigning to the heart more than 
three degrees of freedom only. 

Moreover, a reduction of the electromotive force of the 
battery connected to the model reduces the ‘‘tonus," and 
soon a point is reached where our electrical heart tloes not 
beat any more. The system under these conditions closely 
shows, so far as the response to an external stimulus is 
concerned, the behaviour of an ordinary muscle. In fact, 
a cross-striated muscle can be represented by what may be 
called a “ reUtzation cablef’ about which we hope to report 
in another communication. 

In conclusion, we give some further possible disorders 
mainly obtained mathematimlly and which were all verified 
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with the aid of our model. Possibly these anomalies either 
have or will be found in the human heart as well. 

It follows from the considerations expounded above that 
there are two possibilities that may cause a partial heart 
block: 

(a) the amplitude of the stimulus arriving through^ 
the A—V bundle at the ventricle is smaller than, 
normal; 

\}>) the natural relaxation period of the ventricle 
prolonged. 

Both causes may result in exactly the same working 
of the heart, though means may be found to distinguisli 
between the two. 


Fig. 12. 



Trausiieat periods elapsing after a Yentricular extvasTstole is given at 
the moment indicated by the first arrow. Only at the moment 
indicated by the second (dotted) arrow is tlie normal periodic 
acrion of the heart resumed. This figure gives the course of events 
calculated and verified experimentallj with the aid of the model, 
and with the condition that the free natural relaxation period Ta of 
the ventricle is larger than that (Ti) of the auricle. 

But also an acceleration o£ the natural free Teotricnlar 
period may result in anoamlies, which bear some resemblance 
to a combination of heart block with ventricnlar extrasjstolse. 
EsjMciallj these anomalies occur when the free relaxation 
period of the ventricle is slightly greater or slightly smaller 
than the period of the sinus and when the conduction 
through the A—V bundle is reduced. e.gf., fig. 12^^ 
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represent the anricnlar and ventricnlar systolse. The shaded 
portions following the ventricular systolse represent the 
duration of the refractory period as determined a.o. by the 
amplitude of the stimulus arriving from the A-T bundle, 
falling: 

Ti = period of the stimulus arriving from the A-V bundle. 
Tj = free relaxation period of the ventricle. 

P == length refractory period. 

Pig. 12. Nos. 1, 2, 3, and 4 represent different effects of 
extrasystolss. The durations of Tj, Tj, and P are given at 
the side of the figures in arbitrary units. In this fig. 12 
Ti<T,. Under these circumstances a ventricular extra¬ 
systole may temporarily disturb the rhythm (mathematically: 
transients). The extrasystole is everywhere indicated by 

Fig. 18 . 

_i 





2 




» 20 
- i2 




Some possibilities (derived tbeoreticallj wjd verified with the aid of the 
model) when the free natural relaxation period of the ventricle 
is slightly smaller than the auricle period Ti. He shaded portions 
indicate (like in fig. 12) the ref^tory period of the ventricle, 
ikpecialiy No. 1 shows the possibility that the fundamental period 
of the rhythm in this case is not equal to the period of the auricle, 
but is twice as long. Here three ventriculm: systolse occur in the 
time of only two auricular systole. The last ventricular systole in 
each fundamentid i^riod resembles somewhat to cause a retrograde 
Imt of the autide. 

an arrow, while the dotted arrows give the beginning 
of normal working of the heart again. The anomalies of 
figs. 12 and 13 have been derived on the basis of a strict 
nnidirectionnl conduction through the A~V bundle^ and it 
will be clear from these figures that some of the anomalies 
resemble somewhat retrograde beats/^ 

It is seen from fig, 12, No 1, that with the numbers as 
giTen in the figure, it lakes the time of 7 auricular systote 
after the extrasytole before the normal rhythm is restored 
again, Wox the speckl instant of the extimsystole of No. 2 
and for the corresponding Ti, and P, the transient period 
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laste about three auricular beats. Again, in Nos % anil 4. 
I f and 1-5 auricular period^ 

Hwr“T^>T % 13/possible anomalies are depicted. 

SotL lLn%L * period is 

Ss t^ thn possibility 

Ssts of a Wb5 complete systei 

insists ot a whole number of auricular srstolae i e the 

phenomenon repeats itself exactly only after, e o 4’or 5 
or 6 auricular beats. This fundamental period ts imHlLS 
find .^“^erneath each drawing. We therefore 

We t l 2 ^ ^ Woe/andrS iTuol 

real heart. *'^*'^* whether these phenomena occur in the 

From the fact that, when 

Tj > Tj, 

T = »T„ 

i> d.t.rmin.d bj th. folloviag t„„ MopiantU: h^gyaKHe, 
R<(nT,~mTs)<Tj. 

where both n and m are whole numbers and n the smalWf 
possible one satisfying the inequalities. 

Laboratoriam 

der N. V. PhiUi*’ Gloeil«nipMt.&briekeii. 

May 1928. 
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B.A.\ Interface. By R. Stevenson BaAPuiy, 

mercury 

has not yet been studied! ° metals dissolved in mercury 
• Communicated by P,of. R. Whytlaw-Qmy. 
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Schmidt * and Oppenheimer t have published values for the 
surface tension of alkali metal amalgams at low concentrations. 
The publication by Bent X and Hildebrand of the activities 
of the dissolved metals enables the Gibbs surface excess F to 
be calculated. 


where cr is the surface tension, % the activity of the 
dissolved metnl. 

Hildebrand’s equations refer to pure alkali metal as the 
reference state ; when the latter is transferred to infinitely 
dilate amalgams thej' become 


log^* Cs = 

log^ K = 

■^2 


15620 „ 

—ji— 


11630 


N, 


log§ Na 


= (?«+6-84)n 




where N* is the mol fraction of dissolved metal. This 
transference is equivalent to the omission of the constant C, 
which disappears on differentiating. There appears to be 
a misprint on p. 3024of Hildebrand’s paper; the coefficients 
of Hs should be changed in sign in the three equations for 


The temperature has been taken as 18°0. Schmidt 
worked at about 18° C., Oppenheimer at 20 C. Temperature 
variations of a few degrees <lo not affect the values for %. 

When <r is plotted against log a* a straight line is obtained, 
and this constancy of P down to the lowest concentrations 
nsed and over a concentration range of over a hundredfold 
for sodium, and, over tenfold for potassium and caesium, 
suggests that a unimolecular surface layer is formed, even 
at 0*0007 per cent, of the allutH metals. At still lower 
concentratioas the curve must bend sharply, and run nearly 
parallel to the axis of log Cj. 

In Tables I., II., and III., the fourth column gives the 
value of er read off from the grapb at the corresponding 
value of log a», 

* Ann. der. Phjfsik, xxxix. p. 1108 (1912). 
t ZeitBckr.f. Anorg. Chem. dxxi p. 98 (1928). 
i J. Awer.'Cbem. Soc. xliz. p. 3011 (1^7). 
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Table I, 

Sudiam Amalgams. 


Wt.7„Na, 

0-0002 

00007 

00022 

•0019 

•OO^ 

0-049 

0087 

0124 


<r. 

-log*,. 

corrected 

486-6 

4-76 

435-2 

424-2 

4-21 

•4261 

418-8 

3-71 

4177 

4040 

2-76 

«M7 

^90 

2-62 

9S»i 

893-3 

2-28 

8987 

^1-3 

2-12 

3910 

884-4 

177 

%5-3 


Gbaph I. 



Wt-O/oK. 

00007 

00018 

00068 

00186 

0015 


Table II. 

Potassiam Amalgams. 

4380 4-44 

406-1 S4X) 

388-4 x.g8 

382*5 X.31 


433-0 

405*4 

892*3 

383*6 

382*3 


PM Mn^ R 7VfTTr 

PM. Mag. S. 7. Vol. 6. No. 38. Suppl. j^ov. 1928. 


3E 
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Table III. 


Csesiam Amalgams. 


Wt 7» o»- 

«r. 


oorrdded dr« 

OC006 


4*92 

4^*2 

O-OOl 

41BB 

4-83 

418*5 

0-0016 

4031 

4*62 

m*i 

0*0028 

mb 

4*37 


0*0131 

335*4 

8*^ 

mo 


From the straight lines values of F may readily be 
calculated ; for so^nm, potassinra, and cs^ium we find for 

^ in A.I7. per atom the valuM, 

55*4 47*9 14*7 

These afford an interesting confirmation of the view tlmt the 
deviations of the alkali metal amalgams from the perfect 
solution are to be attributed to compound formation. Bragg * 
gives for the atomic radii of sodium,jratassiom, and csesium 
me values 1"77, 2*07, and 2*37 A.U. respectivel y, whilst 
Kolkmeyerf assigns 1*51 A.tJ. to mercury. We may 
assume that for sodium amalgams each atom of the surface 
is surrounded by six, others. The area occupied by each 
atom may be taken as that of the circumscribing hexagon. 
This gives for the area occupied by the complex Na—Hg«, 
in which each sodium atom is surrounded by a ring of six 
mercury atoms, the value 58 A.U. There are thus roughly 
six mercury atoms to one sodium atom on the surface. 7or 
potassium the ratio is less. This agrees with the ''reeting* 
point data of Kurnakow %, the stability of the com^.>un^ 
B—Hg*, B—flg,, being greater, as measured by the degree 
of sharpness of the maxima, for sodium than for potassium. 
The value 14*8 A.U. for caesium is less than t^t of the 
circumscribing hexagon 22*0 A,U. The constancy of F with 
varying concentrations makes the possibility of a poly* 
molecular layer unlikely, so that presumably tiie esesium 
atoms are more tightly packed than in the crystal. 

♦ Phil. Msg. xl. p. m (1920). 

f Mee. Trm, Pat, xliii. p. 677 (1^24). 

I 2kUs^,f. A^g. Chan, xxiii. p. 4^ (1000). 
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Summary. 

For the amal^ms of the metals sodium, potassium, and 

* • dfT 

osesium at low con<»utrationB -jy. -r is constant. Values 

d(lop:a*) 

of F, the surface excess, are in agreement with compound 
formation in the surface-layer, roughly to the extent of 
Na—Hg« for sodium, rather less for potassium. Caesium 
atoms alone occupy the surface of caesium amal^ms. 

The TJniverBity, 

Leeda 


LXXIV. On the Application of Tensor Analysis to Physical 
Problems. By Fbakois D. Mubnaghak, Professor of 
Applied Malhematks, Johns Sopldns University*. 

A lthough the methods of tensor analysis are generaUy 
admitted to lie of great power and usefulness from a 
theoretical point of riew, these methods are not commonly 
applied to problems in what may be called the older physics, 
the simple reason being that they are supposed to lead to 
expressions of too high a degree of complexity. We propose 
to treat in this paper the problem of determining the form 
of the stress-equations of elasticity in any system of curvi¬ 
linear coordinateS| orthogonal or not, and we trust that 
a comparison of our method with that given in Love’s 
standard treatise t for the special muse of orthogonal curvi¬ 
linear coordinates will show that the methods of tensor 
analysis are not only more general but easier to follow than 
the method given there. 

Before proceeding to a consideration of the particular 
problem with which we wish to support our thesis, it is 
necessary to point out that in physics we measure quantities 
that are usually different from the quantities met with in 
tensor analysis.^ Thus we say in the latter theory that if a 
set of » quantities X*" are the componenhi of a contravariant 
tensor or the first rank in a coordinate system ar, then the 

e Gommanicated by the Author, 

t A. E. H. Love, ‘ The MathematicBl Theoiy of Elasticity,’ 3rd edition, 
pp. 87-89. 

3£ 2 
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components in any other coordinate system ie are given by 
tile equations 

'X' — (* ® summation symbol). 

If we wish to give a geometrical interpretation to this 
description of a tensor^ we may consider, from the x 
coordinate system, the family of level surfaces i's* const.; 
tben the » expressions point x, the 

covariant components of the gradient vector to that par¬ 
ticular level surface of the family which passes through the 
point in question. The magnitude of this gradient vector is 



where the gr” are the contravariant components of the 
metrical tensor, and, in accordance with the formulse of 
transformation for the components of a contravariant tensor, 
this is simply (^”’)*- Upon dividing^ur equation for X*" by 
tins magnitude, wo see that the ratio X'/C^)* is the resolved 
part of the tensor X*" in the direction of the gradient vector 
to the of coordinate surface. Now, it is these resolved parts 
of tensors, t. e. these scalar quantities, with which we actually 
deal in physics. Since the gradient vector of any surface 
has the direction of the normal to the surface, drawn in the 
direction towards which the constant of the surface is in¬ 
creasing, the resolved part of the tensor X* in this direction 
may be conveniently represented by the symbol N,, and we 

have the relation „ 

X' = (^)iN,. 

If, then, we wish to translate a theorem of tensor analysis 
which involves the components of a contravariant tensor of 
the first rank into a form suitable for the practical purposes 
of physics, we should replace each component X*^ of the 
tenwr by (p")*Nr, where N, denotes the resolved part of 
tiie tensor in the direction of the normal to the coordinate 
surface const., the normal being drawn in the direction 
towards which x^ is increasing. Similarly, if we consider 
the formulse of transformation for the components of a 
covariant tensor of rank one, namely. 



we see that the n quantities 'bes'fb^*, which appear as 
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co^Soients iu the rth oE these formalee, are the eonira- 
‘nuisot components of a tensor which is tangent to the 
P" coordinate curve, *. e. the curve along which all the co¬ 
ordinates ar, save are constant. The magnitude of thhs 
tensor is 

or simply since the are the covariant components 
of the metrical tensor. Upon dividing our equation for 
'%r by this magnitude, we see tlmt the ratio Xrfgr^ is the 
resolved part of the covariant tensor X, in the direction of 
the tangent to the coordinate curve through the point in 
question, the tangent being supposed drawn in the direction 
in which af is increasing. This resolved part may be con¬ 
veniently denoted by Tr, and we then have the equation 

Xr^^iyrr'^Tr. 

If, then, we wish to tmnslate a theorem of tensor analysis, 
which involves the components of a covariant tensor of rank 
one, into a form which is of pmctical utility for physics, we 
most replace each covariant component X, by (grr^T„ 
where Tr denotes the resolved part of the tensor in the 
direction of the tangent to the je' coordinate curve through 
the point in question, the tangent being drawn in the sense 
in which s*' is increasing. 

As examples of what we mean, let os consider two 
particular results:— 

(a) In tensor analysis we have, associated with any 
contravariant tensor held X' of rank one, a scalar qnantiiy 
known as its divergence. The formal expression for this 
divergence is 

We rewrite this expression iu the form 

Wlien the curvilinear coordinate system « is orthogonal, 
we may put 

(ds)*= (da')*/V + (dsr)VV+ ... +(d»«)W, 

* Here, as elsewhere throughout this papw^ taminatioa syrahris are 
denoted by Greek letters. 
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■0 that 

grr = (l/*r)* ; 5 ^^ = 0 (r # «) ; g^ {yhihi ... /i„)* 

i(iMi 

On substitniing from these equations, we obtain the 
familiar formula for tibe divergence of a vector field in 
orthogonal curvilinear coordinates, namely 

AjAf... I ^ + • • • 

+ ^(NA •••*.-.)} 

fsee liove, loc. dt, p. 54, eq. 37). It should be observed 
that when the coordinates are orthogoiml the gradient vector 
to the coordinate surface ar*" has the same direction as the 
coordinate line ar*", so that we could have written Tr instead 
of Nr in the expression for the divergence. 

(b) Associated with any covariant vector field Xr we have 
an alternating covariant tensor field of rank two, which is 
known as the curl of the given tensor field. Its components 
Xr, are defined by the equations 

X„ = 3X,/Ba--BXr/aar«. 

In accordance with onr remarks above, the Xr which occur 
on the right-hand side of these foriimlse most be replaced 
by (^rr)*Tr, but it is necessary to find out what physically 
measured quantities are described by the components X« of 
the alternating eovariant tensor of rank two. From the 
formulae of transformation we have 


^ B^!^ fy BC^• a^) 


where the prime indicates that the summation labels a and 0 
run over all pairs, without repetition, out of the n labels 1 
to n. The n(M--l)/2 Jacobian determinants may be said to 
define an element of area on the {**■, 5*) coordinate surface, 
u e. the surface en which all the coordinates x, wve **■ and 
are constant. The magnitude of this element of area is, 
by definitira, the square root of 
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where the sainmation labels («, and (X, m) ran, inde¬ 
pendently, witiiout repetition over all pairs ont of then labels 
1 to n. If we introduce the symbol 

ibis is a covariant tensor of rank fonr, which is alternaidng in 
the first two labels (|^) and also in the last two (rs). Unr 
expression fur the nmgnitnde of the element of area takes 
the form 

r'. 

or simply Qrt,n)^t from the formnlse of transformation for a 
eovariant tensor of rank four. If, then, we divide ow 
equation for X„ by this magnitude, the result is the flux of 
the alternsting tensor Xn throogh the element of area of the 
(«*■, ir*) coordinate surface divided by the irognitude of this 
element of area. ..We shall denote this by Tm, and may call 
it the resolved part of the tensor X„ in the direction of 
the 2*) coordinate surface. We have the equaticm of 
connexion __ 

or, in the x coordinate system, . 

Xri ~ (Pr»,»*)^Tr, =« (Prr 

Hence the desired, physicsilly useful, form of the equations 
of definition of the curl of a eovariant tensor field of rank 
one is 

T„ = . 

In the special case of orthogonal curvilinear coordinates this 
takes the form 

(ef. Love, loc. eit. p. 55, formulse 58). 

We now proceed to a consideration of the stress-equations 
of elasticity iheory. The r61e of the stress-tensor is that of 
associating with any element of area at a point a vector 
which is the stress, or force, |jer unit area, aero» that 
element. In the usual presentetion of the thewry the strws- 
tensor is given as a tensor of the second rank, and when 
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rectangular Cartesian coordinates are nsed the nine com¬ 
ponents are denoted bj the scheme 

( X, X, xA 

T. Y, T.j. 

Z* Zg J 

Thus Xy, for example, denotes the d;-eomponent of liie sitess 
aoroas an element which is placed ]ierpendicuiar to the 
&-axis. It is assumed that the stress-tensor is symmetric, 
so that we have the three relations 

Y. = Z,; Z, = X,; 

JEhe stress-eqnations are 

= p(S—X), 

dY*/a*+BY,/Sy-{-BY,/c)r = p(y--Y), 

•i-^Zg/dp + dZ,/dr == pQs — Z) 

{if. Love, loe. at. p. 33), and it is onr purpose to rewrite 
these equations when the coordinates in use are anj set of 
cnrTilinmr coordinates whuterer. 

Since the rdle of the stress-tensor is to set up a corre¬ 
spondence between elemente of area and vectors, we stress- 
tensor mnst.be covariantof rank two and contravariant of 
rank one; in all, it is of rank three, and it is alternating in 
the two covariant labels. Denoting it by Xp/, we have 

The vector, or contravariant tensor of rank one, associated 
by means of the stress-tensor with any element of area is 

where the n(n—1)/2 Jacobian determinants d(^, d^) serve 
to define the element of area. In order, however, te conform 
with the usual practice of representing the stress-tensor as a 
tensor of rank two, we multiply the triply-labelled tensor 
Xpf scalarly by the alternating tensor whose com¬ 
ponents have the values j; l/gt or zero, and arrive in this 
way at the contravariant tensor of rank two, 

X'' = X^' = (Xgf) /y/p. 

Here p and f are the two kbels which are different from «, 
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arranged so that the arrangement {sp q) is an even rearrange¬ 
ment oC the standard order (123). Explicitly 

X^-(Xa-)/VF; X®'^(X«0/v'F- 

This donbly-labelled tensor X*" may he called the ccrntra^ 
Tariant stress-tensor of rank two. It is then apparent lliat 
the stress-eqnatlons already given are merely the rectan^nlar 
Cartesian form of the tensor-equation 

X“,. + F=rO, 

where the symbol X**,. means that we first take the eovaiiant 
derivative X*’’, t oCX"” and then contract with respect to the 
labels r and t. The tensor F' is the contravariant pr^nta- 
tion of the tensor whose components in rectangular Cartadan 
coordinates are 

p(X-*), p(Y-y), p(Z-i). 

We shall call this the for(% tensor per unit volume, in 
accordance with D’Alembert’s scheme of reducing a 
dynamical problem to a static one by including amongst 
the forces acting on the system the reverseil inertial forces. 
As far MS tensor analysis-goes, the problem is over; the 
stress-equations in any coordinate system whatever are 

X-,.+ F*-0. 


In order, however, to put this result in a form which may 
be useful in practice, we must ask ourselves how the 
components X" of the contravariant stresi-tensor are 
connected with the stresses which are actually mm^sured. 
In order to answer this question, we shall first consider the 
stress-tensor in the form in which it actually arises, t. e. in 
its triply-labelled form Xp,**. When a transformation to any 
other coordinate system i is tuadcj the compouenia of tiie 
stress-tensor become 


X«' = 'X^* 




where the prime indicates that the summation labels («, /9) 
run over the three pmrs (2, 3), (3, 1), and (1, 2) without 
repetition. If we divide this equation through by the 
magnitude 
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■o£ th® element of area of the (^, coordinate surface and 
also by the magnitude 


of ^e coniravariant tensor which is tangent to the 

5r coordinate line, we obtain the rraolved part of the stress, 
i. e. force per unit area, across the element of area of the 
(*s, coordinate surface, in the direction of the ef co¬ 
ordinate line. This resolved part of the str^s maj be 

denoted by the symbol p^r, and our equation for "Kpf is 
equivalent to __ __ 

=^l9n9<i<i-9n)Sr 


Upon multiplying this through by 1/^, we find 
X"" = 's/{gpp9n-g^f^l9 

where 9 ) is an even rearrangement of (1,2,3) and 
er denotes j)recisely the same physically measured thing 
as Dropping now the bars, we see that 

X" = •J{gj>p9M-9vt'^9"l9 " “ 

since 

9 ** ~ ^pp9n’^9pi)l9' 

These are the expressions that must be substituted for X"" in 
the equations X*“,.+ F*=0 to make them practically useful. 
Even when this is done, there is one farther step to take. 
Since the F* are the components of a contravariant tensor of 
rank one, we write them in the form 


and obtain the desired form of the stress-equations: 


X"* * ^/(9„9s9—9p/)9^I9 ^ S' 

= ^9"9" J 

Here (*,p,g) is an even rearrangement of (1, 2,3), and 
N, denotes the resolved part of the force-tensor along the 
normal to the coordinate surface const. Wo may put 
this result in a somewhat more explicit form. Thus, from 
the formula for covariant differentiation, we have 
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where the Tp^ are the Biemann-Christoffel three index 
Bjiubols of the second kind. Hence 

X-,. = 

= 3X-/B4;*+x<^r^*+x‘»'^iog VF 

In the particular case of orthogonal curvilinear coordinates, 
wh0r0 

(ds)* =s (d*')*/Ai*+ ••• 

-OAi/d*W; 
r„»=5'" Tim* ; 

ru.8« -id5'u/d^=(dA*/d^)/Ai*; 

r„*=/«r„.a=(Aj*dAi/B^-*)/Ax*; 

r,a.i=r,x.x=iB^it/d^= ~OA,/da:*)/Ax*: 

r„»» ra*=y« r,2.i=-(dA,/d^)/Ax; 

ru.»=Oj r„*=^r„.,=o, 

X“=Ai»n; X“=AxA,l2; X«=AiAal3, etc. 

Since the contravariant stress-tensor is symmetric, these 
equations show that sfssfs. On putting s=l, the first of 
our three equations becomes 

N, + i { hMn (A, li/W + (12/A.) + ^ (13/A.)] 

—&ill 2Atl2 BAi/d^—BAi/d^ 

HhAi*22 (BAj|/B^^}/Aj+A|*33 (BA^B^)/At ^ 0i 

f. 

Ni+A jV*. { ^ (li/A,A,) 4- ^(12/A,A,) + (13/AxA,) }■ 

+12 AxA,^ (1/A,) +13 A,A,^ (1/Ax) 

—22 AxAj^j (1/A.) — 3d AxA.^j(l/Aj) = 0 
(^. Love, loe. cit. p. 89, formula 19). 
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It would be fomewhat pedantic to point ont that the 
argnment as outlined here is applicable to tensors of any 
rank provided they are alternating. Indeed, it may not be 
too much to say that alternating tensors suffice for physics; 
the underlying reason therefore being that the elemente of 
content, i. e. area, volume, etc., are describ^ by means of 
Jacobian determinants, which are in their very nature 
alteruating. The obvious rejoinder to such a remark is a 
reference to ibe contravariant stress-tensor X*', winch is, as 
wo have remarked above, symmetric. However, the stress- 
tensor should really be regarded in its triply-kbelled form 
the doubly-labelled form X"' being arHficial. To say 
that X**=X**, for instance, is to say that Xu*—Xu , or, 
equivalently, that X„»+X„»=0, since the stress-tensor is 
alternating in its covariant labels. Expressed in tenwr 
form, this says that the result of contracting the triply- 
labelled stress-tensor is the zero-tensor, i. e. 

x,«- = 0. 

A similar remark would apply to the symmetrical tenmr Gr„ 
which, in Einstein’s theory, vanishes in space at pointe free 
from matter. This may be presented as a tensor of rank 
four. Gin.*’, which is altemaiing in the covariant labels. 
The condition of symmetry is 

Gt«.“ = 0. 


LXXV. A General Theorem on Screened Impedancet. By 
Batmokd M. Wilmotte, B.A. {of the National Physical 
Laboratory') *. 


SUMMAKT. 

For accurate measurements, especially at high frequencies, 
it is necessary that all impedances and ap^ratus used 
should bo surrounded by metal screens kept at dennite 
potentials. By this means, the leakage and capacity effects 
to earth cmi be rendered perfectly definite, and the apparatus 
electrically independent of the surrounding objects. Even 
wbmi this is done, there is some ambiguity regarding the 
value c£ the impedance of the apparatus. The impedance is 



f 
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the ratio of the potential difference across the apparatus to 
the current. Now, both the potential difference and the 
current depend on the potential of the screen ; moreover, 
the current may be measured at various points. One o£ the 
most nsnal values o£ tite impedance is obtained when the 
screm is kept at the same potential as the terminal where 
the current is being mi^sured, but is not directly con¬ 
nected to that terminal. On this definition o£ impedance it 
would be natural to expect that there would be two possible 
values, depending on which terminal is kept at the potential 
of the screen. In this paper the carious result is obtained 
that these two values are equal, and certain limitations are 
considered. This general result is of considerable impor¬ 
tance, as it makes it unnecessary to connect the apparatus in 
any special way, so long as the screen is kept at the same 
potential as the terminal at which the current is measured. 


Introduction. 

C apacity effects to earth have brought about the uni¬ 
versal use of metal screens surrounding any apparatue 
which is to be used for accurate measurements, especially at 

Fig. h 


»p P lA a' !b ie 



high frequencies. The only case in which it is legitimate 
to do without metal screens is when the impedance of the 
apparatus is small. 

Generally, then, an impedance has three terminals—one at 
each end, and one on the screen. Let these be A, B, and 
0 respectively, as shown in fig. 1. 

The value of the impedance is the ratio of the potential 
difference between A and B to the current. This will 
depend on the potential at which the shield 0 is kept 
relatively to A or B, and the point at which the current 
is measured. The screen S is usually oonuecied to some- 
point P in the circuit. This point P is not necessarily 
directly connected to A or B, but is instrumental in fixuig 
&e’potential of 0 relative to A or B. For any setting 
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„t th. p.te»tw .t th. soreon O r.l.a« to A. ther. wiU U 
two poMiblo «toe» oE the iuipodanoo, nomoly, 

* _ XT 


V a-^b 
tA 


and 


Va-Vb 


tB 


Tc Ai tuwritAn O is civen ihe same setting of |K)tei^l bat 
to A, thore .ioola b, .aothor two 

valnes for the impedance s 


and 


tA 


is 


It is prowod io the tSS 

:U'i ° 

^nal to that of A or B, then 


Va-Vb_V, 


-V-' 


B 


(1) 


tA 


tB 


tmpodoo'to ^ Kipeon; tor iiiotmce, if thoto is obsolnto 

*X^“wt.“ o^ ofth. io.podi=o.,itwm Is. bo 
toood that Vi-Va Vi'-V,’ 

tB *a' 

In this particnlar case, then, the valnes of the impedance 
the equality fl) in the general case is 

‘’^LouSMwLhLmto.a.hooH'itokopt.tthopotooad 

r5S ahoSir-"^ ™*'ST 

SShoo to ow=es»py,fopiE ^ 

ih. Shi bo kept at tbo 

?«.?rf'S’o?tb. «ha. thop. h7o dip«>t 

potential happens to he a very freqimnt 

Oxbridge measurements where a Wagner ^rth is 
condition of bn ^ therefore, to st^dardize this 

nlat^alue of the impedance so that only when other 
I^e LinireA should it he necessary to state tiie 

conditions ^ meastir®*”*®** 
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Two other valnes, sometimes required, occnr when the 
screen is directly connected to one of the terminals. That 
is, P coincides with either A or B. If P coincides with A, 
the current Is should be measured and not Ip. The reason 
for this is that, owing to the comparatively large size of the 
scr^n, appreciable current may flow vid the earth to the 
screen from other apparatus in the circuit, and the current 
Ip will depend not only on the potential difference between 
A and B. but also on the circuit arrangement. On the 
other hand, the current tp is independent of the circuit, 
being equal to (tA+*o)* 

The three common values of an impedance <an be repre¬ 
sented diagrammatically by a network of three impedances, a# 
shown in fig. 2. This method of reprwentation may bo useful 
in some cases (e. g., a condenser) in order to gain a physical 
conception why tbe different values exist; but, in generalj 


fig. 2. 








this is unnecessary, since in any case the complete data of 
the impedance of a piece of apparatus used in such a way 
that the screen is kept by some means or other at the 
potential of one of the terminals, must consist of at l^t 
three valnes. 

The above results have been stated for a special case in a 
previous paper by L. Hartshorn and the author*, but no 
proof was given and tbe r^nlt was not generalized, nor 
were the limitations considered. 

Proof. 

Consider the impedance made of a network of admittances 
interconnecting the points 1,2, 3,... n, such that Yn is the 
admittance joining me points r and s. The points 1 and n 
correspond to tbe terminals of the apparatus. Let a current 
1} enter at the point 1 and I» l^ve at tlm point n. Let Yj, 

• L. Hartshorn A B. M. Wilmette, ** Note on Shields Nimdndii^ve 
BerattaacsB,” J. Sdu Inst. iv. pp. 88-37 (1926). 
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V.. V« ... V« be the potentials of the junction points of the 
adinit^nces. Let the screen be denoted by the point O. 
Since iiie the total current entering a junction point is 

we haw 

« (V,_Vi)Yoi + (V,-VOY«+CV,-V,)Y„+ ... 

+(V»-V0Y,„ 

= -ViT(yir)+V*Yts+V,Y„+ ... +V«Yi,.+VoYot. 


r«0 


Similarly, 

0 = VtY„~V,i{Yjr) + YsY«+ ••• +V,Yta+VoYoi 


-I» = 

V,Yi»+V,Y 

^+V,Y,.+ ...-Y 

.i(Y,,)+VoYo.. 

0 

Eliminating Vj, Vj, 


from the first (n— 

1) oqnationsy 

we obtain 

IiV 

= ViVi+V»V,+VoVo» 

• • 

. (2) 

where 







v = 

-S(Y^), 

0 

Y*„ 


Y2... 

-1 



Ysb, 

0 


Y*,.. 




♦ • • * 

• • • 


-2(Y 

0 


i 

and 







V,= 

Y^r, 

Y„, 

Yu5 


Yi. 



Y^, - 

•i(Y*r), 

0 

Y«. 

•.. 

Ya 

.11*1 


Y,„ 

Ys3» 

-i(Y.,), 

03 


Ys 



* • • ♦ 

Y„.i.„ 

• • 9 

Ys.n-i, 

• • • • 

Y,.„_., 

• « 

~2(Y,.,.,) 

0 


It should be noted tiiat both V und are symmetrical 
with respect to 1 and «. that is, 1 and a can he mteruhanged 
witliout changing their Talne* This symmetry does not 
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exist' in Vo o** Vt> The following relation can also be 
shown to obtain 

Vo + Vi+V« = 0.(3) 

Now let Vo, the potential of the screen, be given a certain 
valae between Vi and V», so that it can be written in the 
form 

Vo-V,+i(V,-Vi), ..... (4) 

where 4 is a constant. 

Equations (2), (8), and (4) reduce to 


Ii _V,-i.Vo 
V, —V|”* V * * * ‘ 

The left-hand side of this equation is the admittance of the 
apparatus witii tlie screen at a potential Vi) above 

that of the point 1, and the current measured at the point 1. 
This value of the admittance will only be equal to the value 
when the screen is at a potential 4{V«—Vj) above the point 
n and the current measured at n, if the right-hand side of 
equation (.5) is symmetrical with respect to 1 and n. This 
will only occur for either of the two conditions; 

(a) that Vo he symmetrical with respect to 1 and n, or 

(b) that that is, Vos» Vj. 

The first of these conditions will only occur in special 
cases, while the second only means that the potential of the 
screen most be kept at the potential of one of the terminals. 
The admittance in this latter ease is 

V. 

V 

The effect on the admittance of measuring the current at 
the other terminal is equivalent to putting in equation 
(5). The admittance is then 

V.-Vo 

V ’ 

This is not symmetrical with respect to 1 and n in the 
general case unless Vo lo symmetrical. There will, there¬ 
fore, generally be two values for this admittance, depending 
on which terminal is kept at the potential of the screen. 

It may be noted that in the proof no resteiction whatever 
was imposed on the nature or magnitude of the admittances, 
so that the result will hold even if the admittances to the 
Phil. Mag. S. 7. Vol. 6. No. 38. Suppl Nov. 1928. 3 F 
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t Nor wore there any limitations 

The ot tolribuled 
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Fic. 3, 



Th^weV . -aition m whioh «.e P~" 

“ri^’tb^y -afloat in;«iahl, be found in 

^“A^utual iudnctauee,.» in Eg. 3 (a), between two 
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In practice it often happens that the currents in Zi and 
Li, or Za and La, are not absolutely equal owing to small 
stray capacity effects. These will cause a deviation to the 
first order of small quantities. If, moreover, the mutual 
inductance is also small, the error will depend on the product 
of the capacity and the mutual inductance, and will only 
be of the second order. 

Another effect that may invalidate the theorem is the 
presence of eddy currents. This is purely due to a mutual 
inductance betv^'een a coil and a lump of metal, and can be 
treated as an ordinary mutual inductance. The theorem will 
still be correct, therefore, if the coil is connected to the lump 
of metal through an impedance carrying the same current as 
the coil. 

The final cause, owing to which the theorem will fail, is 
-closely connected with the exact definition of potential dif¬ 
ference. The lines of electric intensity are not solely due 
to the distribution of charges or current alone, but to a 
combination of the two. Any alteration of one which is not 
followed by a similar alteration in the other will affect the 
lines of flow of the displacement current in the dielectric, and 
will cause an alteration in the distribution of the capacities. 
In a general case, the distribution of capacities will differ with 
the potential of the screen. In all practhml cases, however, 
this effect will be quite' negligible, with certain exceptions, 
when the size of the apparatus is comparable to the wave-* 
length. 

10th laiy^ 1928. 


LXXVI. On the Penetration of an Electric Field through 
Wire-^auze. Bg W. B. MoaroN, if.A., Queen*s Univerdtg^ 
Belfast 

I X a method which has been frequently used for the 
investigation of the mobilities of gaseous ions, the appa¬ 
ratus consists of a cylindrical vessel which is divided into 
two compartments by n partition of wire-gauze. Ions are 
generated in one compartment and are acted upon by a 
steady electric field which pushes them through the meshes 
of the gauze into the other compartment. Here they come 
under the influence of an alternating field. If tibis is sta^ong 

** Communicated by the Author. 

3F2 
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moaglt, and the alternations slow enough, ions leaving the 
gauze will be carried to the plate which forms the other 
boundary of the field before they are turned back by the 
reversal of the electric force. Tbe plate is connected to an 
electrometer; so that the current reaching it can be measured 
for different values of the alternating r.D. The mebilitv 
can be deduced from the value of the smallest field whicn 
can produce a current between gauze and plate. 

The values arrived at by different workers vary rather 
widely and several suggestions have been made to account 
for this. Among these there is one on which special 
emphasis has been Itdd by Loeb namely, that a source of 
error k to be found in the interpenetration of the two fields 
through tire meshes of the gauze. It is the object of the 
present note to examine this as a purely mathematical 
problem, with a view to finding an upper limit to the 
impcnrtance of this source of error. Any disturbance of 
the applied field due to the presence of tbe ions will be 
neglected and the ions will be supposed to move along the 
lines of force with a velocity proportional to tbe strength of 
the field at each point. 

It seems obvious that the effect of the penetration of fields 
will be increased by each of the following three modifica¬ 
tions of the actual experimental arrangement. These at the 
same time reduce the problem to a form easily tractable : 

(1) Bemove one set of wires of the gauze, so transforming 

it to a grating. 

(2) R^uce the wires to mathematical lines. 

(3) Consider only ions which move along lines of force 

midway between the wires. 

In this way we shall arrive at a disturbance of the theoretical 
result greater than that to be expected under the actual con¬ 
ditions. It will appear that, even after this exaggeration, 
the error is only a small one. We require, to begin with, tbe 
field of a freely charged grating of thin parallel wires. This 
is contained in Maxwell’s solution of the problem of electric 
screening by a grating. It may also be obtained as the limit 
of the case of plane strips regularly spaced in their own 
plane. It is easy to verify that tije relation 

sin (a +ly) sin S cosh + *^), 

where ^ is the potential, gives the field of a series of atri|>s 
in the plane ysO with spacing w, tbe breadtit of a strip 

• Xrfwb, Joani. Rankfin Inst, v, 196, p. 771 P92S). 
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being 28. The force at a great distance from the grating is 

unity. The straight line of force ^=2 through 

the centre of a space, the magnitude of the force along 

it is sinhy/(cosh^y—8in*8)t, the line ^= 2,^=0 passes 

through the middle of a strip, magnitude of force is 
eoshy/(sintfy + sm^8)*. Making 8=0, we find that the 
force due to a freely charged grating of thin wires, in a 
plane midway between wires, varies as tanhy, when the 
distance between wires is w, or as ^ tanh (wy/s) when 
the spacing is s. By superposing a uniform field perpet^ 
dicular to the plane of the grating, we obtain a field which 
has values Ej, £* at great dbtances on the negative and 
positive sides respectively* The expr^sion for the force 
along the midway line is then 

^(E,+Ej) 4* El) tanh (wy/s). 

We t^e El, on the negative side, to be the st^dy auxiliary 
field which pushes the ions through the gauze, and E^, oi^he 
positive side, the alternating force by which the mobility is 
measured. The equation of motion of an ion is got by 
equating dgfdt to * times the above expression, where k is 

the mobility. . , , 

Two methods have been adopted in practice as regards tbe 
alternating field: (1) the “ square-wave ” plan, in which, by 
means of a commutator, the force Eg is suddenly changed 
from a constent value in one direction to a constant value 
in the opposite direction; (2) the sine-wave method, in 
which Eg is given by an alternator. In the first case the 
equation of motion can be integrated ; in the second 
the variables cannot be separated, and recourse must be 
had to either arithmetical or geomekical methods. I have 
used the latter to obtain approximations which are, perhaps, 
close enough for the present purpe^e. 

(1) When Ej is constant the integral is 

27riSrEiE,< 

:= «{(E,+1,)ij-(E*-E,) log (E,««+Eie-’)}+con8t. 

in which 1 / is writtffltt for iry/«. 

Suppose the force to continue at the constant Talne E, tor 
time T in the direction which mores tlie ion away fcom 
lie gauze. Then the distance, if the gauze introducwi no 
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Writing p to iLrao. 

£j/]ij, we arrive at the result: 

The disturbance vanishes when E,=Es, o^j)-l. It wi e 

seen tiiat the above be neglected, 

Th« ftciiiEtioii b6Coni6s sio^p*®* wuon ^ » 

,=,_K,-miog(p+i)->ogp}. 

on tie r^o oE , .„pre.„.l,e» the limit i : 

Sif moan, that *8 traael °''As^h^ 
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another penoa 1, ^ , o-raHncr for its motion 

field. Its final position is given by the equation 
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= 2jolog7>--(p-l)log(P + ^)- 
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Under a contiaoed succession of simple reversals in the 
field the ions would work their way across any distance. To 
prevent this, and to ensure that all ions which do not reach, 
the plate are swept back to the gaoze, it is usual to make 
the reversed force greater than the direct. l%e above 
figures show that, from tlie purely electrostatic point of 
view, a comparatively s%ht degree of asymmetry in the 
alternations would be sufficient to secure this. That other 
considerations must enter into the matter is shown by some 
results given by J. S. Rogers in a recent paper *. To get 
definite measurements he found it necessary to make the 
reverse force greater by 25 per cent., although he was 
working with a continuous plate instead of gauze. 

With the reversed field there will be a plane of zero force 
near tlie grating which acts as an impassable barrier to the 
returning ions. The position of this is given by 

y/s = —logj 9 / 2 w. 

It thuii lies on the positive or negative side according as p is 
less or greater than unity, as is otherwise obvious. Some 
values are given below :— 

— *01 gjs — '753 

^ -I *367 

1 0 
10 —367 

( 2 ) When the alternating force varies in a simple har¬ 
monic manner, is to be put for Ej in the equation 

of motion. The “ undisturbed ” distance travelled by an ion 
during the positive halt-period is now c=i:Ej,%n. Let 
again represent Bj/Ei and put TTc/t^y, 27mt=f. 

The differential equation is then 

( 4 p/ 7 ) = p sin f(l + tanh 17 ) + ( 1 —tanh if). 

When the auxiliary field is very weak (p large), this 
approaches the integrable form ; 

( 4 / 7 )<ii 7 /df = sinf(l + tanhi 7 ), . 
which leads to the following equation for the value reatffied 
by f) when beginning with ^ssO for f= 0 . 

As before, the exponential can be neglected, so that, exactly 
as in the former case, the range is shortened by s/2w3*"159. 

• Phil. Mag. V. p. 888 (May 1928). 
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For the general case an approximation to t^ tmth <^n be 
got by the method of “isoclines . The ^jL^e 

Svered ^ith a family of cnrves, the l<mi «t fOinU J^re 
dnldP has a definite value and an integral cn 
wWcl crosses each of these at the nght slope. In ^ 

account of this method given by M. d’Pjff ® 

Granhique et Nomographic* it is pointed out that a mor 
definite mode of approximation is obtained when the g 

b^'^XcCwh^ the ^Snt on one iswline ^ 

^j^rresponding point on the next can be fo^d. ^®P®“ 

on thT fact tlS two tangents to ^f 

vertical midway between the verticals thro«Kh t^J^int E 
A mnch siiimler construction to the same ena i 
ZSd by MoAer plbolic property If ”X 

r^r.bou’m.k. with ih. tt the SS 

joWoo’their pointe of ^ ;*T'h7d«irtd trocIS, 

l^:f^'th^:o^"b:?"^^^^^ BSo„gi»g *» 

“'llThe'prLnt oeee, if we write d for ( 4 ,*) d,/df, the 
equation of a isocline is 

p sin f = (^—1 + tanh 17 ) / (1 + */)• 

A definite value having been assigned to p, the above cn^-es 
we dmwn, each marked with its d. this digram could 
he used for any plate-distance; the slopes on the 
*r"e» being fonnd by Jlriding 0 by the oee.med relne of 

prusttoe the »xi» of f woe divided in degree!, end 
this changed the factor 4p/7 into 

720p/7ry = 720«p/7r*c s= 72*97p«/c. 

To simplify the arithmetic, ronnd numbers were tiAen for 
this ma^itude, such as would give reasonable values for c/«. 
*i'lTrrt n;ce».ry to eerr? <>?«=^»^“r,.5°'t. 8 

t Sertl™. “g ,ntoftt.wori.ofd»-i.w, 

In aay teotksfy Ife* 



Quantum 2'heor;/ and Andydt of Ob$ervatvm$. 


801 

o£ sine-form and the remaining di^nce can ^ 

The curved portions of the isodioes could J® 

Jrawn on a large scale, covering the region in whmh the 
distnrbiug effect of the openings ot the ^ 

the sincmotion is taken to begin 

show that the total value of tj is got by adding to the height 
already reached the amount 




Vi 

Tlie ions which reach the greatest distance »>•« 
those which start at f=0. When 

which leave the gauze when the combned field thew is zero, 
i Vi^ -sin-MEJE,). For E,=Bi this becomes f = - 90^. 

the flternating force has its gr^test loll 

F 'R! flifl raiiU6 coatioaes to be attained oy 

been obtained t— 


E) — El / c/» = 14*6 
I 36*5 


Ej = 2 E| 


{! 


ch = 14*6 
36-5 


(y_c)/« * *44 
•49 

Q,^c)js * -66 
•07 


The numbers are only rough approximations, for the meth<d 
I Lfr^paWe of muJb acliracy, but they are P®f 
ficreotTshow that the error is again of the order of Ae 
Sne On the whole, therefore, it appears probable Aat 
tE; SferpLtration of the fields is not a source ot serious 
error in the measurements. 

I am indebted to Prof. J. J. Nolan for s«gg«f^f 
investigation and lor references to the experimental wo . 


LXX FlI. QmfUum Iheory and the Analysis of Obsermtums. 
JSy f. J. Sblbt, C.B^K, M.A. 

T he aim of science is to give a simple deroriprion £om 
perceptions. The description mustitself bein e 
perceptions; the field to be described widens as, with various 
aids, our perceptions are extended. 

♦ Communicated by the Author. 
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In oar description we employ certain conceptions, ab¬ 
stractions, defin<^ more or less accurately in terms of our 
perceptions. Thus in physics we employ the conceptions 
length, time, mass, and we say that all physical quantities 
are measuraUe in terms of these three conceptions, ue. in 
terms of certain arbitrary units of lengtii, time, mass. 

As we attempt, however, to increase the exactness of the 
description of our perceptions, of our observations, w« find 
that we cannot define these conceptions with absolute 
precision. Our unit oE length may be the distance between 
two marks on a bar, but the mark is not a Suclidean line 
and lias indeSnite boundaries. We may employ a wav^ 
length of light as our unit, but, as we shall see, this agoiu 
cannot be precisely defined as an object of perception. 
Time, likewise, is not susceptible of exact definition^ as 
a physical quantity. Mass presents similar difficulties ; 
its very definition, indeed, has always proved somewhat 
intractable, though the accuracy with which mass can be 
measured, in terms of an arbitrary nnit, is not less high 
than the accuracy of measurement of time and space. 

Einstein has suggested that onr observations are mainly 
of coincidences in time and jdace. A complete observation 
of any physical phenomenon involves, however, all the 
three quantities above mentioned. I will direct attention 
especially to observations involving, directly or indirectly, 
the use of the eye; bat the statement is true of all observa¬ 
tions, with the aid of whatever sense they are made. 

In the observation of any natural phenomenon, any 
“ event,” we are accustomed to differentiate between three 
things : the entity, external to ourselves, wbit;h is the object 
of our observations ; the means, mechanism, sense organ, by 
which the observation is made ; and the snbjective self, 
mind, consciousness, which receives and records the obser¬ 
vation. There is no olraervation in which these three are 
not involved; there is no perception in which the relative 
conlxibntions of the three can be entirely separated. They 
form a trinity in unity: three iucomprehensibles and yet 
one incomprehensible. 

My main aim is to consider the methods of analysis of 
the more delicate observations of modern physics, in which 
electrons and protons, waves and radiation are involved. 
In all such ob^Tvations the eye, as sense-organ, is directly 
or indirectly concerned. We may employ intermediate 
mechanisms, photographic plates, thermopiles, photo-electric 
cells, electrometers as energy receivm^ and recorders; but 
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in our interpretation, of intensities, in our energy measure¬ 
ments, we base onr8^lT%.8 on <roiiiparisons in which the eve 
is the ultimate judge. It would be easy to conceive an 
analysis based on a definition of mass derived, say, from the 
sense of touch ; this would not affect the principles I wish to 
educe or the main features of my argument. 

In these refined observations, where we are reaching the 
limits of perception, we find that it is no longer possible to 
maintain the differentiation between the three aspects of our 
trinity. There is interaction between the observed pheno¬ 
menon and the observing mechanism ; the perception is 
further conditioned by the limitations which restrict the 
response of mind and consciousness. Some partial disr 
crimination between subjective and objective may still be 
possible; complete separation of the three componentas of 
the trinity will probably remain for ever beyond human 
capacity, though we art* continually extending our m^ns of 
ol>servatioii, and there is no'need to be dogmatic. We have 
enlarged the world of our perceptions, but they still set the 
boundaries to knowledge. 

Let us examine now a simple case of observation to which 
the foregoing ideas are applicable. I will take the example^ 
of much interest of late years in relation to the <juantum 
theory, of the hydrogen spectmin. We will snppose the 
radiation from glowing hydrogen gas to be refracted by 
a prism, the resulting spectrum being observed by the eye. 
Us'ing the ideas of modern wave mechanics, the energy from 
the glowing hydrogen, after passing through a narrow slit, 
is conveyed in wave-groups to the prism ; it does not “ pass 
through ” the prism, but is dispersetl by it, and after Imth 
surface and internal losses, due to the prism, travels on 
in a namber of divergent wave-groups to the eye. Let ns 
suppose the eye to be receiving from one selected direction 
a single sequence of these wave-groups. The energy trans¬ 
ferred to the retina—^no doubt by resonance, since the 1 <m 8 
of energy is small—is seen as a spectrum “line,’’ so called, 
actually a spectrum band of small width and of a definite 
brightness. I have, of course, not followed the whole 
coarse of events in detail: I have selected the changes on 
which I wish for nuunent to concentrate attention. 
The theories of Bl'anek and Bohr fell us that these changes 
are not continuons in character : they take place by discrete 
amounts, quanta ; the}' are finite changes, brought about by 
resonance, from one stationary state to another. The trans¬ 
fer of the energy to the retina is one of these changes and 
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of the same nature as the rest: it takes place by quanta. 
But let us examine the phenomenon from the receiving end ; 
consider its aspect from the point of view of the eye and the 
conscious mind behind it. It would be in accord with our 
general experience to suppose that there is a mmmum 
%ntibile, a minimum disturbance below which no efiect is 
produced on the consciousness; a mimmum change, 
which is perceptible, which may (or may not) be of identical 
amount. The eye receives a succession of wave-grwps 
associated with a certain frequency, the group or ^at 
frequency: it responds by resonance, after a^ venr onet 
interval: the natural measure of the response is therefore 
of dimensions energy x time, i. e of action. Let u» suppose 
that there is a certain minimum of response, tto quantnin 
of action, which is perceptible by the eye and the 
behind it. We can now trace back our phenomenon to its 
obiective end, but we must retain our quantum of action 
as an indivisible unit. We realize at once the reason for 
the appearance of the quantum in all visual phenomena; 
it is inherent in ourselves. Planck’s wnstant h, ^Bqhr s 
quantum of action, cannot but be identical with it , since 
any transfer of energy to the eye as a receiving m^hanism 
will be governed by the usual quantum laws. Indeed, it is 
difficult to suppose that there could be two independent 

quanta involved in phenomena. .. l xu .r 

Let us continue our analysis. Reception by the eye of 
the light from the single hydrogen “ line’ is associated with 
a definite frequency, the group or beat frequency. The eje 
is comparable with a heterclyne receiver, capable ot re¬ 
sponding over a certain range of frequencies ; the range 
is no doubt different for different eyes, as the range ot 
audibility is different for different ears. V®; 

quency is related to the wave frequency by the :^yleigh 
formula. If we denote the energy received in the usual 
manner by ^ we realize that the wave-length is a con¬ 
ception, an abstraction, merely *, it is one of the boundaries 
of an integral field. Bat it is clear that we can think in 
terms of the ordinary wave theory; and 
reached with the aid of that theory Imld g^d ^e note, m 
mssing, that the wave-group has no definite Mundanes. 
It dies^away rapidly from a maximum, but may be supposed 
to extend to infinity in eitlier direction; a succession of 

• We cau conceive that the nnnwum n»y b® » 

of A, butX« would appar to be no means of perceiving such a dis- 

tinetton. 
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wave-groups is a succession of maxima, of singularities, in a 
Wave-Held. 

In considering next the dispersion of the hydrogen light 
by the prism, we can adopt the usual wave theory ; but we 
must bear in mind in our analysis that we are dealing with 
indivisible quanta of action, and frame our conceptions 
a<%ordingly. The transfers of energy which take place 
again occur by resonance. 

Tracing our phenomenon further back to the radiating 
atom, we have the option of treating it by the methods 
of article mechanics, or by the new methods of wave 
mecmnics. We must, however, recognise that our particle 
is comparable witii the wave-group, the singularity in a 
wave-field, and has no definite boundaries. Newton’s cor¬ 
puscular theory of light and the wave theory combine to 
form a more comprehensive whole. 

Let us rdtum to the ideas with which we started. 
To describe our perception of an event, we make use of three 
conceptions—^length, time, and mass; or we may say length, 
time, and action. There is a natural, indivisible, unit of 
action, the quantum. Expressed in terms of mai^ the 
dimensions of tiiis quantum are MV*T or MVL, where V is 
velocity, of dimensions L/T. If, now, we choose arbitrary 
units of mass and length, say the mass of the electron and 
the wave-length of the red cadmium line, there is a corre¬ 
sponding definite value of V which is not infinite ; we must 
not suppose Y to become infinite without at the same time 
supposing M or L to become infinitely small. We ate, in 
fact, dealing with a ‘‘ complementarity,” to use Bohr’s term 
with a somewhat different significance, a trinity in unity, 
and we must adjust our conceptions accordingly. We thus 
reach what we may call an extended theory of relativity, 
which inclndes quantum theory, in which length, time, and 
mass are inter-related and the quantum of acti<m is an 
invariant. 

Let US now suppose that in the observation of any pheno¬ 
menon we wish to follow the changes of some quantity 4>. 
Our quantum, wave-groujp, electron or proton is capable 
of motion in three directions and of rototion about three 
axes in space. Let its position or configuration at any 
instant be determined by the variables «, y, 2 , ^ 

Other variables involved are t and nA, where n, however, 
must be an integer, h being Planck’s constant, the quantum 
of action. Our quantity O is a function of these variables: 
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Experience indicates that, as a first approximation in con¬ 
sidering the changes of we can neglect differential 
coefficients of higher order than the second. The changes , 
■will thus be given by a differential equation of the form 




0 . 


where f denotes any one of the variables and the fn are 
fonctions of any or all of the variables*. Our prwedure is 
to try to fit solutions of this equation to the phenomena, 
remembering that n can only change by integral steps. 

V'arious methods of obtaining solutions of this equation m 
particular <»ses have been devised by Bohr, Heisenberg, 
Schrodinger, de Broglie, Dirac, and others, and remain 
applicable without modification with the conceptions intr^ 
duced above. It is very instructive to realize how the 
experimenter, by inductive reasoning, has been led to 
introduce into his conceptions, in order to explain observed 
phenomena, the “subjective unit, the quantum, which was 
Avoidably involved in the limitations of his powers of 

perception^t follow my subject further in the 

present note. Much no doubt remains to be dene in 
tiie devising of rapid methods of calculation applicable 
in the analysis of observations of the kind to which 
attention has been devoted, but already good progress has 
been made. It is hoped that the foregoing may assist the 
physicist who has not acquired the mathematical technique 
to grasp at least the rationale of the procedure which is 
being followed. He will find much further information 
in Bohr’s article published in ‘Nature’ on April 14th, 
to which this note may be regarded as a corollary. 

I have been concerned with microscopic or. I might say, 
sttb-microscopic phenomena. In dealing with macroscopic 
or statistical phenomena we can employ the usual procedure; 
it is only at the surfaces of bodies, or at the boundanes of 
our field, that we may need to r^ort to the more com- 
pU^ted technique of tlie new metiiods. 

♦ Bepetition of suffixes implies summatioo, as in rdativily notation. 


May 28tij, 1928. 
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LXXVIII. The Continuous Spectrum of Hydrogen. By F. 
H. Newman, D.Sc,, F.Inst.P., Professor of Physics, Uni¬ 
versity College of South- West of England, Exeter *• 

[Plate XIIL] 

1. Introduction. 

T he origin and exact character of the continuous 
spectrum of hydrogen, which has been investigated 
by many observers, still remains uncertain. In some cases 
this type of spectrum possesses the peculiar chamcteristie of 
occurring without the presence of either atomic or molecular 
lines, and an explanation of this fact has been advanced by 
l^plan tj who suggests that when the hydrogen molecule 
in the first electronic state possesses more than 0*50 volt 
vibrational energy, it may split into two atoms with emission 
of energy as radiation, the value 0'50 volt being derived 
from the observed short wave-length limit of this continuous 
spectrum. The alienee of observed lines is due to the fact 
that transitions from the initial excited state of the molecule 
to lower ones give rise to lines lying far down in the 
ultra-violet region. 

This spectrum, which is quite distinct from that one which 
begins at tibe limit of the Balmer series and continues 
towards the shorter wave-lengths, app^rs in celestial spectra 
in the absence of the Balmer lines and the secondary 
spectrum, and its limit on the rod side is always at wave¬ 
lengths greater than X. 8646 ; for example, as an absorption 
spectrum it begins in « Cygni at X 3710, having a maximum 
intensity at X 3660, approximately, and in Vega it commences 
at X3800, its maximum being at about X 3710. 

Crew and Hulburt J found this type of spwtrum to be of 
similar character, although of differing intensity, in a 
number of sources, including a long hydrogen tube con¬ 
structed after the manner of Wood with the light coming 
end-on through a quartz window from the central portion 
only, an ordina^ discharge-tube, the separate striations 
of the positive column, the condensed spark in hydrogen 
at pressures above atmospheric, and in the water spark. In 
all cases it was of appraciable intensity near H*, rising 
slowly to a maximum in the rear ultra-vielet, and descending 
slowly in intensify from X3000 to X2200. 

• Communicated by the Author, 
t Nat. Acad. Sd. Froc. xiii. p. 760 (1027). 

1 Phys. Rev. zxviiL p. 9^ (19%). 
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Adopting Bohr's theory, a continuous spectmtu extending 
into the ultra-violet should begin at the limit of the Balmer 
series, \ 3646, and it may be noted that Herzberg *, using 
the electrodeless ring discharge in hydrogen, has obtained 
this type of spectrum, the intensity variation in the con¬ 
tinuum being continuous with that in the Balmer series. 
The wave-number at the beginning of this spectrum corre¬ 
sponds to the energy set free in the fall of an electron from 
rest at infinity into the second orbit. If such an electron 
possesses additional energy of its own, it gives up more 
energy when it is bound than one at rest, and this energy' 
appears as radiation of wave-lens^h less than that corre¬ 
sponding to the Balmer series limit. Since the initial 
iunetic energy of the electrons, external to the atom, varies 
from one electron to another, it is evident that the resulting 
radiations constitute the continuous spectrum beginning at 
the limit of the Balmer series and extending towards the 
ultra-violet. This theory is based on the assumption that 
the atomic orbits extend to infinity ; but originally it was 
supposed that the size of the orbit system is restricted by the 
density of the radiating gas, and from this Wright t has 
inferred that it is necessary to substitute for the orbit at 
infinity the largest orbit in effective operation. Into this 
orbit, therefore, will enter electrons of all energies from zero 
upward. An electron thus entering the effective orbit and 
having zero initial kinetic ener^ will, on transfer to the 
second orbit, give rise to radiation of wave-length which 
forms the limit of the continuous spectrum on the red side; 
and it is to be expected, therefore, that the continuous 
spectrum would begin somewhere on the less refrangible 
side of the last visible line in the Balmer series, and that 
there should be an overlapping of this series and the con¬ 
tinuous spectrum. As Nicholson t has pointed out, however, 
numerous experiments now show that the number of lines 
in the Balmer series available for observation is not deter¬ 
mined necessarily by the density of the gas; and he cites his 
experiments made in conjunction with Merton §, in which 
they observed fourteen sharp lines of the series in a tube 
filled mainly with helium at 42 mm. of mercuiy pressure, 
such that the radius of the hydrogen atom emitting the 
last member on this Bohr theory was twice the average 
distance a^rt of the atoms. Woim's expeiimenis with long 

• J%#. xxviii. p. 727 (1927). 

t ‘Nature,’ dx.p. 810 (1922). 

t Rov. Astron. Soc. Monthly Notices, Ixxxv. p. 268 (1926/. 

J E^. R(^. Soc. A, xcvL p. 116 (1919). 
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discharge-tabes also preclude any correspondence between 
the number of lines visible and the density o£ the gas. 

Nicholson supposed that this spectrum arises from the 
actual binding of stray electrons by the atoms, tiie electron 
having any kinetic energy in excess of that required for ite 
motion in the path of ime atom which it enters, the excess 
being emitted as radiation, so that the wave-numbers of the 
resulting radiation will form a continuous set, giving nse to 
a continuous spectrum. If the law of the distribution of 
velocity among tiiese electrons which are thus captured is 
that dedncible from the kinetic theory, the law of intenBity 
^ronghout this continuous spectrum can be calculated and 
compared with that found experimentally. Crew and 
Hulburt* milculated this energy distribution by statistical 
methods, and found that the relative intensity involves an 
unknown probability, a., that the atom exists through the 
nth orbit, the region beyond being unqnantized. When a. is 
evaluated, approximately, from general physical consideia- 
tionK, the formula agrees quiditatively with the relative 
intensity throughout the spectrum obtained from the 
hydrogen stars and laboratory sources. 

2. Experimental, 

The author has found another method by which this 
continuous spectrum may be produced at very low pressures, 
viz. by means of the electric arc passed between cold elec¬ 
trodes in a rarefied hydrogen atmosphere. An intermittent 
electrical discharge is passed between two iron electrodes in 
a discharge-tube, and between one of these electrodes and a 
third one a potentuil difference of 200 volts is applied con¬ 
tinuously. The tube contains hydrogen at a pressure of 
10 ~® mm.of mercury, and on passing the electrical discharge 
an arc through the gas may be produced. The resulting 
radiation shows no trace of iron lines, provided that the arc 
is allowed to continue for a few seconds only, otherwise 
owing to the heavy current through the gas, which may 
amount to 10 or more amperes, the electrodes quickly reach 
a sufficiently high temperature to emit the ordinary iron arc 
lines. The radiation emitted, which is pale blue or whitish 
in colour, has been examined and photographed through a 
quartz window by means of a quartz spectrograph. It has 
been found that the resulting spectrum varies according to 
the condition of the gas ; but in all cases, and in spite of 
the low pressure, only a few of the Balmer lines actually 

♦ Xoc, eit. 
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appeared, those o£ wave-length shorter than Rg not being 

the wtee 

UrW those at \ 3064 and X 2811, were pronunent together 
w & a few B«W lines, but ttiere was no contonons 
Mectram. On the other hand, when the gas was dry the 
■Jiitor hands were absent and the continnons spectrum 
Je^e^y narked, being accoinpanie<l by the secondary 
It^gen Itoes. It was dfflicalt to estimate with any degree 
<»f exjwtness the limit of this continuous spectrum on 
rid:-toUhe average value of this limit, 

-.•anrA«ent the wave-numbers of the limit of the contonuou 
iSm on th. rod rido, th. limit of the Balmor »r.es .od 
the last detectable line of this series, respectively, 


■or 


vt—n = V2—Vt, 

24373-21320 = 27420-24373, 
3053 = 3047. 


Althou«rh these numbers are only approximate, the result 
suggests “hat the margin of overlap oi this 
snS;rum and the last observed Balmer line is equal to the 
interval between this line and the theoretical limit of the 
series. This supports Wright's view of the phenomenon ; 
but it must be remembered that on the whole compara^vely 
few electrons of approximately zero velocity are to be 
expected on the kinetic theory, and as these determine the 
limit at the red end of the spectrum, this limit will necessarily 

^iSiintering feature of the spectrograms is the ®f 

vrater-rapour on the appearance of this contmnous spectrum. 
If the water bands are prominent the continuous spectrum 
Iwn at I. fpi X[II.).wl.e,j,. it b«om» more 

and more intense as the bands disapp^r {H., Bl- 

The continuous spectrum may not arise from the inter¬ 
action of an electron with the nucleus of a free atom: the 
may be influenced directly by other atoms oyons; for 
example, it may arise from the molecule^ and Herzbei g 
suffaests that the experimental conditions of excitation 
awm-d best with the view that the breaking-up of molecular 
ions H*’*' is the cause. 


• Loe, mt* 
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The present experiments show that association of water 
molecnles with the hydrogen atoms and molecules opposes 
the continnons spectrum excitation, and suggests that it is 
associated with the atoms, and certainly not with molecular 
aggregates. It must be noted, however, that this does not 
necessarily mean that the hydrogen molecules are ineffective 
in the emission. The restricted outer orbits may be part o£ 
a molecule. 

In connexion with this type of spectrum, there is the case 
of iodine in which an emission spectrum has been photo¬ 
graphed by Steubing * * and which appears as a continnons 
band, even at the highest resolution. Franck f has explained 
this from the electro-negative behaviour of the iodine atom 
with its tendency to perfect itself into an eight-shell by 
taking up an external electron, but in this case the iodine 
atom need not be ionized to attract the foreign electron; the 
electron affinity suffices to effect the assimilation of ^e 
foreign electron, even in the case of the neutral iodine atom. 
In this phenomenon the eontinnoas character of the spectrum 
also corresponds to the continuous distribution of the initial 
kinetic energy of the assimilated electron. 


LXXIX. I’he Electric Arc in Gases at Low Pressures. By 
F. H. Nbwman, D.Sc., F.InsLP., Professor of Physics, 
University Colleye of the South- West of England, Exeter $ 

1 . Introduction. 

4 NEW type of electric arc in high vacua has been 
described by the author § in which with cold elec¬ 
trodes an arc could be started and maintained in various 
gases at very low pressures, provided that an initial electrical 
discharge was passed between one of the “ arc ” electrodes 
and a third electrode placed within the disclmrge-tube. 
There were two separate effects: first the ordinary arc in 
whieh^ the current reached 10-15 amperes, and secondly 
a brilliant glow discharge daring which a very small current 
passed through the tube. Both of these effects could be, 
excited at such low gas-pressures that there was practically 

• ZeUs. f. Phys. v. p. 428 (1021). 
t Ann. d. P/^. lair. p. 698 (1921). 

£ Comunuiicated bj the Author. 

? Phil. Mag. ii. p. 796 (1926). 

3 G 2 





812 


Prof. F. H. Newman on the 

no luminosity due to the electrical discharge. Later, 
Batner * observed a very similar arc carrying many amperes 
which could be maintained in a vacuum as high as 10“® mm. 
of mercury. For example, he found that at 10~® mm. pres¬ 
sure a potential difference of 60 volts was sufficient to start 
the arc, at 5 x 10~® mm. 120 volts was necessary, while at 
1 mm. pressure a potential difference of 230 volts was not 
sufficient. It is evident, however, that the requisite voltage 
not only depends upon the gas-pressure, but also upon the 
distance between the electrodes. The latter may be of any 
metal, and the arc shows the usual current voltage charac¬ 
teristics. In some respects it is unilateral in that the 
polarity of the arc must bear some relationship to the polarity 
of the auxiliary electrical discharge, the arc only passing 
if the electric fields are in the same direction. Batner 
has also found a similar unilateral relationship, although he 
noted, in addition, that the arc strikes independently of the 
direction of the field between the two “ arc” electrodes when 
the third electrode, which is concerned solely with the elec¬ 
trical discharge, is the anode. 

The formation of such an arc, passing practically unlimited 
currents, is interesting and surprisiag because the very low 
pressure in the tube made it almost impossible for the dis¬ 
charge to pass, and there was no sign of luminosity, the tube 
walls fluorescing under the cathode ray action. Occasion¬ 
ally a brilliant white glow was formed between the “ arc ” 
electrodes, but it was a momentary effect, existing prior to 
the starting of the arc proper. During this glow the elec¬ 
trodes remained cold, the actual current passing being but a 
small fraction of an ampere. 

These effects indicate that the mechanism of the arc is 
entirely different from that of the ordinarj’ electrical dis¬ 
charge, and further investigations on the actual conditions 
necessary for this arc to be started have been made. 

2 . Experiments, 

The actual apparatus used was similar to that described in 
the previous paper, and although the effects can be produced 
with any type of metallic electrodes, iron rods were employed 
in oil the experiments, chiefly because thick rods of this 
metal were available. With such heavy currents as were 
passing, these electrodes became very hot after the current 
had been flowing for a short time-interval, and finally it was 
found necessary to water-cool the electrodes to prevent the 

* ‘ Nature,’ cxx. p. 648 (1927). 
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wax, by means o£ which they were sealed into the discharge- 
tabe, from softening. Another difficulty, due to the intense 
heat generated, was the liberation of gas from the walls of 
the vessel and from the electrodes with resultant increase 
of pressure within the vessel. To overcome this a large 
reservoir was sealed to the tube so that this gas emitted did 
not materially change the pressure in the apparatus while 
the arc was passing. 

When the arc was first started the radiation emitted was 
entirely that from the gas molecules within the vessel, but 
the electrodes rapidly became red-hot and the characteristic 
radiation from the iron quickly made its appearance, the 
electrodes then becoming incandescent. As a rule, however, 
the arc was allowed to persist only for a short interval, as, 
once started, it is easily maintained, and it is the actual pro¬ 
cess of striking that is interesting and worthy of study. In 
passing, it may be noted that this method is very convenient 
and useful for starting and maintaining an iron arc in a 
very high vacuum, if it is desired to study the iron lines 
in vacuo. 

The lowest applied potential difference with ivhich it was 
possible to strike the arc was 108 volts, but it started most 
consistently at 200 volts, and the cvwvetvt which could be 
passed varied from 0*4 ampere upwards. Below this limiting 
value it was impossible to maintain the arc. Another factor 
which greatly influenced the process of starting was the type 
of electrical discharge employed. If the latter was feeble 
it was ineffective. A momentary discharge produced by 
temporarily switching in the induction coil commutator 
proved to lx* the best means of starting the arc. Thtis a 
very high potential difference from the coil is necessary, and 
the most consistent results w’ere obtained when the secondary 
di-charge vras unidirectional. The arc would not strike at 
pre^isures above 10 mm. of mercury, and worked better 
at lower pre^sures, particularly those within the range 
10-2-10-3 mm. 

In order that the arc may occur, the gas present must be 
ionized, and for this energy is required. This comes from 
electrified bodies which have ac^iuired high velocities under 
theele(!tric force from the transient electrical discharges, the 
initiation of the latter being due to stray electrons or elec¬ 
trified atoms, particularly to straj' electrons. Before these 
eleetron.s can ionize the gas, a time must elapse which is large 
in comparison with the time-interval between one collision of 
the electron with a molecule of the gas and the next, since 
before the electron can ionize it must obtain from the electric 
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field energy greater than the ionizing potential of the gas^ 
and this energy must be conveyed to an electron in a mole¬ 
cule before an electron can be liberated. Thus there is 
produced a fairly copious supply of electrons which, under 
the further influence of the field due to the applied potential 
difference, form more ions by collisions, provided that the 
mean free path of the electrons is so large that they attain 
energy equivalent to the ionizing potential of the gas through 
which the electric arc passes. It seems, therefore, that the 
function of the electrical discharge is to provide those elec¬ 
trons which are ordinarily supplied by the incandescent 
electrode of the ordinary arc, or by the incandescent filament 
of a low-voltage arc. 

In connexion with the initial ionization in a gas, Sir J. J. 
Thomson * has given an account of experiments on the radia¬ 
tions inside a closed vessel containing gas at a low pressure 
through which an electrical discharge is passed. Tliese 
experiments indicate that the passage of the electrons 
through gases gives rise to Rontgen rays which may be of 
far higher frequency than any of the characteristic radiation 
of the gas. For example, he finds that, wdien electrons 
formed by u potential difference of 1500 volts are sent 
through hydrogen, Rontgen radiations having a frequency 
corresponding to 1500 volts were detected. The type of 
radiation at constant pressure depends upon the means n.'-cd 
to send the discharge through the tube ; for example, it 
depends upon the nature of the interrupter and its working. 
This is to be expected, as the potential difference betwe en 
the electrodes often dejiends upon the nature of the 
discharge. 

In addition, some of the radiation within the <liseliarge- 
tube is of an exceedingly^ absorbable type, so absorbable that 
it is practically stopped hy the equivalent in mass of a layer 
of air a few millimetres thick at atmospheric pressure. He 
supposes that this soft radiation produces the ionization in 
the negative glow. 

At the low'er gas-pressures the electrons, ovung to their 
greater mean free path, have large amounts of energy, and 
they give radiations over a larger range of frequency' than 
those with smaller amotints, although the density of the 
energy is not so great. At each collision the fast elec¬ 
trons may not produce much more radiant energy than 
the slow" ones, but they are able to make many' collisions 
with atoms and molecules befon* their energy is so 


♦ Phil, Mag. xlix. p. 761 (1025). 
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much reduced that they are unable to generate Rontgen 
radiation. Hence the total amount of radiant energy pro« 
duced by a fast electron will be much greater than that 
formed by a slow one, with the resultant increased ionizing 
effects. Thus we should expect a greater concentration of 
the electrons at the lower pressures ; and this explains why 
the arc in the present experiments can be started more easily 
and consistently as the pressure is reduced. As Thomson 
has shown, the radiation from the cathode rays is a mixture 
of soft radiation with quanta represented by a few volts^ 
together with much harder radiation whose quanta may be 
comparable with a hundred volts. In addition there is the 
softer type of radiation produced by the positive rays. 
Seeliger f has shown that the total number of ions produced 
by a positive ray does not vary much either with the speed 
of the ray or with the gas-pressure ; and this suggests that 
the ionization is due, Tiot to the energy of translation of the 
particle, but to energy internal to it, such as might be repre¬ 
sented by supposing the particle to contain a limited number 
of undischarged radiation quanta. These excite the ioniza¬ 
tion. The experiments made by Thomson + on the electrode- 
less ring discharge show the existence of such radiations of 
wave-lengths shorter than those of visible light. 

3. The Effects of Foreign Bodies on the Arc, 

After the arc electrodes had been used for some time, it 
was impossible to start the are, and on examining the elec^ 
trodes tliey were found to be coated with a film of oxide 
arising from the decomposition of carbon-monoxide and 
carbon-dioxide gases, wddeh are very difficult to remove 
from the vessel. If the electrodes were withdrawn and 
scrapt^d, tlie arc could be produced as before. On the other 
hand, it was found that when patches of fused salts, such as 
potash, soda, sodium chloride, and calcium carbonate, were 
placed at the ends of the electrodes, the arc would strike 
more readily and consistently, this effect being, in fact, 
the reverse to that produced by the film of oxide on the metah 
In aildition, it was noted that usually a brilliant spot 
appeared on the cathode, even in the absence of any fused 
salt, and that this spot continuously changed its position,, 
us it does in the mercury arc. 

The effect of the fused salts can be explained by an 

♦ Phil. Ma^. ii. p. 074 (WM). 
t Zeits, xii, p. So9 (1912). 

t /«c. cit. 
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abnormal local heating, brought about by the bombardment 
with the positive ions. The salt, or a small part of it, is 
raised to incandescence, with the result that it emits 
a copious supply of electrons ; and we have, therefore, 
a thermionic source similar to that of an incandescent 
^jathode, only on a small scale. As a result the starting of 
the arc is facilitated. As opposed to this effect, the oxide 
film prevents these positive ions from bombarding the 
cathode, and, accordingly, there is no local heating-effect at 
the small particles of impurities, which exist even in the 
purest of iron. Thus the arc cannot be started. 

These experiments seem to prove conclusively that this 
phenomenon of the cold electrode arc is due mainly to the 
localized heating-effect at these foreign particles which gives 
a copious supply of electrons from such local sources. Any¬ 
thing that shortens the life of the electron will increase the 
ffiflSculty of getting the arc, but anything that reduces 
the number of collisions, required by one electron to detach 
another from a molecule, will facilitate the arc starting. 
It has been found that a thin deposit of sulphur is formed on 
the walls of the discharge-tube after the experiments have 
been continued for some time, this sulphur coming from the 
iron electrodes. Now% sulphur is very strongly electro¬ 
negative, and, presumably, a sulphur molecule would be 
likely to ca])tnre an electron in collision, so that, although 
the vapour-pressure of sulphur is exceedingly low, tlie 
presence of this element would diminish the life of the elec¬ 
trons. The various gases present in the tube, such as 
nitrogen, hydrogen, etc., combine with the sulphur, and if 
these products, like sulphur, possess the power of capturing 
electrons, then the ionization in the tube is decreased, and 
this precludes the starting of the arc. On the other hand, 
comfdexes formed by aggregation, such as are produced by 
traces of moisture, facilituie the production of the arc. This 
may be explained by the electron detaching an electron more 
easily from one of these aggregates than from a single 
molecule. The moisture appears to act as a catalyst for the 
arc as it does in many cases of chemical eoinhination. The 
existence of these aggregates is suggested by some experi¬ 
ments of Thomson^, The ordinary electrical discharge 
through gases produces also other modifications of the gases 
which only persist for a short time. In some eases, for 
example, with nitrogen and oxygen the existetme of these 
modified forms is shown by the visible after-glows. We also 


♦ Phil Mag, iv. p, 1128 (1927). 
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know that the discharge and the arc can be maintained with 
lower applied potential differences than those required to 
start thein„ and this fact can be explained by the discharge 
and arc producing systems which are more easily ionized 
than the normal molecules. 

It is evident, therelore, that in the present experiments 
the initial electrical discharge gives rise to two effects which 
facilitate the starting of the arc. In the first place it pro¬ 
duces intense local heating of impurities lying on the surface 
of the cathode with resulting thermionic emission, and in the 
second place modifications of the gas arise, these modifica¬ 
tions being more easily ionized than the gas in the normal 
state. 


LX XX. The Motions of Electrons in Ethylene. By J. 
Baknok. and H. L. Brose, it/.A., D.PhiL^ 

FJnst.P. 


I N an address given by Professor Townsend at the cen¬ 
tenary celebration of the Franklin Institute in Phila- 
delfdiia, September 1924, the type of instrument used in the 
present research has been fully described. The instrument 
affords a ready and accurate means of determining the 
velocity W in the <lirection of the electric force, and 
the velocity of agitation U of electrons in gases. It has 
been found that in nitrogen, hydrogen, and oxygen 
amongst other gases, these velocities depend only on the 
nitio of the electric force Z to the gas pressure p. A similar 
result has been obtained for ethylene, especially for values 
of Z/jr^ greater than 5. Exceptionally tedious was the work 
on this gas, which appeared to alter as a result of making 
obi'ervutions. This alteration manifested itself solely as an 
increase both in W and U. 

In Table I. the values of Z and p, with the corresponding 
values of k and W, are given, wdiere k represents the ratio 
of the mean kinetic energy of agitation of an electron to 
the mean kinetic energy ot a molecule of a gas at 15*^ C. 
The numbers given are the means of several experiments, 
which are in good agreement. For values of Z/p, equal to 


* Coiiuuunicated bv Prof. J. S. Townsend, F.RS. 
t J. 8. Towusend &: T. A. Bailev, Phii. Mag* xlii* p. 875 (Dec* 1921) ; 
H* L. Brose, Phil Mag, 1. p, (1925). 
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and less than 5, the values of h increase appreciably as the 
pressure is reduced. This indicates the presence of some 
ions at the higher pressures, for, within any particular 
region of relative velocities of electrons and molecules, the 
number of ions formed is a function of the number of 
collisions. A direct method of testing for ions, used by 
Townsend and Bailey, is to apply a horizontal magnetic 
field of intensity about ten times that necessary for the 
determination of W. In the case of ethylene, for Zip equal 
to 1*26, such a field sufficed to deHect about 90 per cent, of 


Table I. 


Zip. 

Z. 



WxlO-®. 

Tolts per cin. 

mm. 

A . 

cm. per «ec. 

1-26 

4*S8 

3*87 

2*07 

23*3 

2*47 

9*52 

3-86 

4*51 

39*5 

2-53 

4*90 

1*94 

5*70 

38*8 

5*03 

19*66 

389 

13*5 

50*5 

4*95 

9*65 

1*94 

15*4 

53*3 

5-00 

4*85 

*97 

16*25 

55*2 

101 

38*8 

3*86 

28*7 

58*5 

10'2 

18*9 

1*85 

30*1 

59*8 

101 

9*7 

•90 

32*5 

62*2 

20*2 

39*1 

1*93 

43*8 

64*8 

20*1 

19*3 

*96 

45*9 

68*3 

201 

9*55 

*475 

45*5 

67*8 

40’3 

38*7 

•96 

(H*5 

89*2 

400 

19*0 

•475 

63*4 

87*8 

49-9 

23*7 

*475 

718 

1033 

80*0 

38*0 

*475 

95*0 

144*5 


the electric charge on to one of the outer electrodes, and at 
least 98 per cent, for Zjp equal to 80. Hence, even for the 
lowest ratio of electric force to pressure the current was due 
almost entirely to free electrons. The magnetic field acts 
as an analyser, separating the comparatively slowly-moving^ 
massive ions, which suffer little deflexion, from the small 
rapidly-moving electrons. As ions were beginning to make 
themselves evident, and as k was approaching unity, 
measurements were not made below the value 1*26 for Z/p. 

The curves given in figs. 1 and 2 represent the values of 
k and W for various values of Z/p. For the sake of com^ 
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parison the curyes for hydrogen and oxygen are inserted. 
The valnes of k and W, as read from the ethylene curves, 
for the various values of Z/p are given in the first three 

Fig. 1. 



columns of Table II. In the other three columns are given 
the values of U, the root mean square velocity of agitation of 
an electron, L, the mean free path of an electron in the gas at 
1 mm. pressure, and X, the fraction of the mean kinetic 




0 10 20 30 40 so 60 70 so 

energy o£ an electron lost in a collision with a gas melecnle. 

XJ, L, and \ are calculated from the formulae 


U = 1-15 X 10^ VA, 

W* -815 Z/jt? X - X L 
^ m u 

ws 
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Table II. 



k. 

WxlO-^ 

cm./aec. 

Uxl0~« 

cxnu/sec. 

LxlO\ 

em. 

xxm 

1*26 

2*07 

23*3 

16*6 

2*14 

488 

2*6 

5*3 

39*3 

26*5 

2*92 

541 

4 

11*0 

49*6 

38*1 

3*28 

416 

6 

16*0 

54*0 

45*3 

3*42 

348 

e 

19*3 

56*0 

50*5 

3*30 

303 

10 

31*3 

60*3 

64*3 

2*71 

217 

20 

45*3 

67*6 

77*4 

1*83 

187 

40 

64‘4 

88*7 

92*3 

1*43 

227 

60 

80*2 

116 

102 

1*38 

319 

80 

96-0 

145 

112 

1*42 

408 


Fig. 3. 



For ethylene, the variation of L with U is shown very 
strikingly in fig. 3. This curve, like the curves of oxygen 
and carbon dioxide, has a very definite maximum, with^a 
less definite minimum. 
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From the sixth column oE Table II. it is seen that the 
percentage energy lost by an electron in collision yaries for 
the most part between 2 and 5. The minimum fraction of 
energy is lost by the electron when its agitational velocity 
is in the region of 77 x 10* cm. per sec., which is equivalent 
to the volt-velocity 1*7. 

The acqiuisition of new properties by the gas, either as 
Ihe result of exposure to ultra-violet light or of collisions 
with electrons (with or without an electric field), was the 
outstanding difficulty which presented itself. The extent 
■of the change is indicated by data given in Table III. 
The results are set down in the order in which ol>servations 



Table III. 


% 

Sample* 

Date. Zjp. 

P- 


Wxl0-». 

cm./sec. 


f ® 

23rd May, 19271 40 

1 5-1 

97 

'97 

•955 

16-3 

64-75 

19-4 

54-8 

89-5 

(<^) .. 

24th May, 1927 

•95 

•95 

20-2 

68*9 

59-1 

91-0 


25th May, 1927 

‘94 

•936 

23*3 

71*0 

62*0 

98-2 

w . 

30th May, 1927 [ 

1-88 

1-88 

44*4 

12*25 

64*1 

40-0 

(<’). 

7 thApra, 1928 

*95 

•95 

34*2 

23*6 


(<0. 

9th March, 1928 | 

106 

106 

34-8 

23-4 



were made. For sample (a) the first two measurements of 
k for the ratios Zjp equal to 5 and 40 respectively are quite 
in keeping with those shown in Table I. The third, which 
followed immediately, shows a large increase of k for a Zfp 
equal to 5*1. Farther increases in the values of k are 
recorded on the following day, and on the third day k has 
reached the value 23*3 for the ratio 5*2 and 71 for the 
ratio 40. A steady increase in the values of W is also 
noticeable. For sample (h) the first reading gives a value 
of k for Zip equal to 20*3 in accordance with Table I. 
The reading for the ratio 2'6, however, is more than doable 
that to be expected. The four readings for sample (6) were 
taken within the same hour. Similar remarks apply to (<) 
and (d) as to (&). 

For the purpose of obtaining trustworthy results for 
■ethylene, it was necessary to renew the gas in the instrument 
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about every three hours, and to make observations from the 
lowest value of Z/j9 upwards. To check the accuracy of 
values obtained in this way the following method of pro¬ 
cedure was adopted. The instrument was thoroughly 
exhausted and, say, 4 mm. of gas were admitted, fadings 
for ifc and W were rapidly taken for Zjp equal to 1-26, the 
instrument was again exhausted, and tresh gas admitted at 
4 mm. pressure. This time the ratio was made 2'5. Under 
similar conditions readings for all other ratios were obtained. 

4 second difficulty arose from contamination of the 
reflector used in focussing the ultra-violet light on the 
copper target. It was necessary to clean it about once 
every three days, when using the instrument at the rate 
of six hours a day. That ethylene was responsible there 
can scarcely be a doubt, because (a) the effect never occurred 
when either hydrogen or pentane was used, and (6) the 
effect was not experienced in working with either hydrogen or 
ammonia in a second instrument having a reflector made 
from exactly the same materials in the same workshop. 

Both difficulties seem to have arisen, therefore, as a result 
of the nature of ethylene. The amount of polymerization 
xvas negligible, as the decrease in pressure of the gas in the 
instruTnent was not more than one per cent, per day. 
If the molecule decomposed, it could not do so in a way 
to give free hvdrogen, as there would then be a marked 
increase in pressure. But if the molecule lost one carbon 
atom and changed into the saturated hydro-carbon methane, 
thr^ould account for the variation in k and W, for the 
contamination of the reflector, and for the fact that 
the pressure of any particular quantity of gas never 
increased. The slight decrease in pressure noticed through¬ 
out the work was traced to the drying agent phosphorus 
pentoxide, which absorbs ethylene at the pressures of the 
Lperiments and parts with it again when the pressure is 

*^**Esdmations based on the electron currents used, the drift 
and agitational velocities, and the mean free paths show 
lhat ekctron collisions may account for slow changes in the 
values of k and W for any fixed value of Zip, but not for 
the rapid changes observed to occur in one or two hours. 
Hence the view that ultra-violet light—with perhaps the 
help of an electric field—^may cause rapid change appears 

***The^eleotron currents used were of the order 10~“ ampere. 

The ethylene used in the above experiments was generated 
by dropping ethyl alcohol into a flask highly exhausted of 
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air, and containing orthophosphoric acid at a temperature 
of about 230^ 0. Oils and other impurities such as alcohol 
vapour were extracted by passing the gas into traps main¬ 
tained at the temperature of carbon dioxide snow. A solution 
of Na^SgOs served the purpose of extracting traces of oxygen. 
Bubbling through sulphuric acid helped in part to dry the 
gas, which, after it had passed over phosphorus pentoxide, 
was finally stored in flasks containing the same drying 
agent. In the generating and purifying processes the 
apparatus used was made entirely of glass. Different 
samples of gas were prepared, and the results from all were 
in good agreement. 

We wish to express our warm thanks to Prof. V. A. Bailey 
for valuable assistance during the course of the work. 

Physics Department, 

University of Sydney. 


LXXXI. On the Best Correction Factors for Harmonic 
Coeficients. By Albebt Bagle, B.Sc.y Lecturer m 
MeUheniatics in the Victoria Universitu of Manchester 

C orrespondence in connexion with my paper. 
On the Relations between the Fourier Constants of 
a Periodic Function and the CoeflBcients determined by 
Harmonic Analysis,” in the Philosophical Magazine (Jan. 
1928, p. 113) makes it desirable to add a few words by 
way of justification of the use of the suggested correction 
factors. 

It need hardly be pointed out that the ordinary method of 
harmonic analysis makes no attempt to arrive at the most 
probable value of the harmonics from the given data, but 
only to determine them on the assumption that there are 
no harmonics present of a higher order than the number 
of ordinates per half period chosen for the analysis. The 
justification of the use of correction factors lies simply in 
the fact that we are not justified in making any such 
presumption about the higher harmonics ; and that if these 
are present, they will necessarily render the values obtained 
for the lower harmonics erroneous. The tables of correction 
factors in my paper are all founded on reasonable asmmptions 
about the amplitudes of these higher harmonics ; but if it is 

♦ Oommiuucated by the Author. 
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known^ in any particular case, that all the higher harmonics 
are absent^ then certainly no correcting factors are required^ 
and to apply them would be erroneous. 

With p ordinates per half period^ if we assume that 
harmonics higher than the 2jE>th are absent—which is 
assuming the presence of harmonics up to twice the order 
that ordinary harmonic analysis assumes—the relations 
between the true Fourier constants and the obtained 
coefficients become 

and b, = K-hp-n 

exactly ; which shows that the coefficient a» needs correcting 
by subtracting from it the value of and similarly 

for b,. 


Figr. 1. 


C 

“T 

2 



In many cases, instead of using the tables of correction 
factors, the following graphical method will be suflBciently 
accurate; while it is both more instructive and at the same 
time allows individual judgment being made to suit special 
cases. Let us plot the obtained coefficients a„ against njp, 
and suppose that the thick line in fig. 1 represents the 
smooth curve through these points between n/p=0 and 1, 
continued by a line representing zero between n/p=l and 2. 
The effect of applying correction factors is to assume that 
the coefficients should lie, not on the heavy broken line ABC, 
but on the thin line AC which reduces the ordinates to the 
left of n/p=l, and increases the (zero) ordinates an equal 
distance to the right by tke stime amount. 

Similarly, when b» is plotted against n/p, let the smooth 
curve through them be given by tke thick line in AB in 
fig. 2. This line necessarily intersects the axis at n/psssl 
since hp is identically zero. The effect of the correction 
factors in this case is likewise to replace the thick broken line 
Phil, Mag. S. 7. Vol. 6. No. 38. Suppl. Nov. 1928. 3 H 
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ABC by the thin line ABC, which, at B, has half the slope 
of the heavy line. 

The harmonics actually present in the function being 
analysed are obviously much more likely to follow the thin 
lines in figs. 1 and 2 than the heavy broEen lines ; but, just 
as obviously, if the thick lines AB ran tangentially into the 
axis at or before n/p=sl, no corrections would be needed. 

Some readers do not see how the second half of my Tables 
III. A and III. B * can be applied since ordinary harmonic 
analysis only gives harmonics up to the pth. But it is 
made clear, I think t, that the harmonic coefficients between 
the pth and the 2pth are to be taken as given by ap+» = ay_n 
and bp+„ = — bp_». The dotted lines in figs. 1 and 2 show 


Fig. 2. 



these coefficients as continued by these relations; and the 
thin line between M/p=l and 2 may be obtained by multi¬ 
plying the ordinates of the dotted curves by the correction 
factors in the second half of the tables, just as the thin line 
between n/p=Q and 1 may be obtsiined by multiplying the 
ordinates of the heavy lines over this range by the correction 
factors in the first half of the tables. 

It may happen that the points corresponding to a* and b» 
are too irregular to draw a smooth curve through them. If 
this is only due to a varying phase-angle, a smooth curve, 
of the n ature of that in fig. 1, may be obtained by plotting 
Va»*+b«® against njp. The correction factors then 
indicated when the corresponding thin line is drawn are 
then to be applied to both a* and !>«, 


* Loc, cit. p, 181. 
t Loc. cit. p, 129, neta bottom. 



Factors for Harmonic Coefficients. 827 

If the points on this latter curve are too irregular to draw 
a smooth curve through, there is nothing to give any 
iiidiciitions about the harmonics between the pth and the 
2 /?th, and consequently no correction factors should be 
applied. 

It is easily found that adopting the correction factors in the 
last column of Table III. B makes the tangent to the thin line 
in fig. 1 at n/p=:l cut the axis at w/p=l-f 0*15 V" 7 r = l*266... 
In many cases this is a very suitable slope; but in some cases, 
such as those in which the thick line AB in fig. 1 takes the 
form of either of the dot-and-dash lines, the most naturally- 
flowing thin line AC having, as it must have, at least 5-point 
contact with the thick lines at A and C, will have a slope 
considerably different from this atn/p= 1 . In this case it is 
better to take the corrections from this sketched-in line than 
from the fables ; but use can still be made of Table III. B if 
desired, since all the functions in it contained an arbitrary 
constant to which a particular value was assigned. By the 
property of the functions if we find graphically that 
nlp = \ + q is the best intercept for the tangent to the thin line 
at n/pssl, the correction factors in Table III. B may still be 
used, provided that (in the case of the last column) any 
given value in the table is not attributed to its actual 
n/ps 1 —.r, say, but to a value of n/p« 1— 9 ar/D* 266 . Or, in 
other words, the correction factor to be applied for any given 
value of n/p^Zy say, is the value given in the table for 
njp:=^l —0*266(1 —; which is easily obtained if the 
function has been graphed.. 

'rhere is no reason why in any work on harmonic analysis 
the diagrams in figs. 1 and 2 should not be attempted to be 
drawn, as they are exceedingly instructive and give much 
valuable information about the function being analysed. 
If it is objected that in much work only the first few 
harmonics are the subject of interest, and that harmonics up 
to are not of sufticient interest to justify their 

calculation, it may be pointed out that, when harmonics 
up to n=p /2 have been obtained, those from p /2 to p may be 
obtained by merely differencing two groups of terms that 
were added tor the lover coefl&cients. After this, the 
diagrams, if it is possible to draw them, give a rational 
estimate of harmonics up to ns=2p. 

The limited accuracy of harmonic analysis must not be 
overlooked. Thus, suppose each ordinate was subject to a 
probable experimental error of 6 , then, if the function 


* Loc, eit, p. 128, 

3 H 2 
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analysed possessed no symmetry so that it was necessary to 
use 2p ordinates spread over a whole period, it is easily found 
that the probable error of all the harmonic coefficients is 
e/v^/> except in the case of the first and last cosine co¬ 
efficients, and ^a„, where it is ely/2p. The effect of this 
is to replace the thick lines A and B in figs. I and 2 by a 
band within which the values are uncertain. 


LXXXII. A Determination of the Stefan-Boltzmann Radi¬ 
ation Constant using a Callendar Radio Balance. By F. 
E. Hoabe, A.R.C.S., B.Sc.*. 

1. Introduction. 

A ccording to the Stefan-Boltzmann law the rate of 
emission of radiation from a fully radiating surface to 
surroundings at the absolute zero is proportional to the 
fourth power of the absolute temperature of the surface. 
That is 

E' = <rT^^ 

E' = radiation in ergs/cm.®/sec. 

Ti = absolute temperature of radiator. 
tr — radiation constant. 

If the radiating surface is in surroundings at Tj Abs. 
which are themselves full radiators, then 

E=E'-E'' = o-(Ti^--T20. 

E” = radiation received from surroundings. 

E = net radiation of the surface. 

There have been a large number of determinations of the 
value of a since the law was established thermodynamically 
by Boltzmann t; the agreement between different observers, 
however, is not good. 

2. Description and Theory of Radio Balance. 

The present paper describes some experiments which 
were made with the Radio Balance designed by Pre- 
fessor Callendar |. It is designed as an instrument to give 
an absolute measure of radiation, the receiver being an 

* 0ommtuiica.t6d by Prof. H. L. Calleadar, F.R.S. 
t Ann. der Fkys. xxii. pp. 31 and 291 (1884). 

J Proc. Phys. Soc. xxui. p. 1 (1910). 
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almost perfect black body so that no correction for 
reflexion is necessary. 

In this instrument the radiation is received through a 
small circular aperture, caught in a copper cup 3 mm. in 
diameter and 8 mm. long, and is balanced or determined 
in absolute measure by the heat absorbed or liberated by the 
Peltier effect in a thermocouple through which a measured 
current is passed. 

The Peltier couple is of iron-constantan and is soldered in 
the bottom of the cup, which itself is mounted in a tubular 
thermopile consisting of twelve couples to indicate small 
changes in the temperature of the cup. The lower junctions 
of the tubular pile are fastened to a small copper block 
screwed to the base of a thick hollow copper cylinder 3 cm. 
by 3 cm. internal measurements. The pile and cup are 
duplicated to compensate external disturbances, such as 
changes in the temperature of the surroundings. The piles 
and couples belonging to either cup are connected in 
opposition and the pile circuit is completed through a 
sensitive galvanometer. The deflexion of the galvanometer 
is proportional to the difference in temperature of the cups. 

When taking u reading the radiation is allowed to be 
incident in one of the cups whilst the other is screened. 
The current through the Peltier couples is adjusted until the 
galvanometer, in series with the thermopiles, shows no de¬ 
flexion from its zero position. The cup first exposed is then 
screened, the other cup exposed and at the same time the 
current through the couples is reversed. This should leave 
the balance unchanged. The method of reversal accurately 
eliminates the small Joule effect. If P is the value of the 
Peltier effect in millivolts and C is the current in milli- 
am[)eres required to balance the radiation, the radiant energy 
received is equal to 2 PC microwatts or 20 PC ergs/sec. 

In practice, owing to the impossibility of making two 
soldered joints exactly alike, there will be a slight deflexion 
of the galvanometer on changing the cup exposed to the 
radiation and the direction of the Peltier current, but the 
equivalent microwatts can be calculated if the sensitivity of 
the galvanometer is known in microwatts generated at the 
Peltier junctions to cause one scale division deflexion. 

This is obtained by shielding the balance cups from 
radiation and reversing a known current c milliamperes 
through the junctions, the galvanometer deflexion D being 
taken. The sensitivity is given as 

5 2 Pr/D microwatts per scale division, 
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P being the Peltier coefficient in millivolts at tbe balance 
temperature. 

If D' is the steady galvanometer deflexion when radiation 
is incident upon cup 1 which is also being cooled by tlie 
passage- of a current of C milliainperes through the Peltier 
Junction, and D" is the steady deflexion when cup 2 is 
exposed and the direction of the current reversed, then the 
radiation received by either cup is given by 


2PC + (D'-D>, 


(D'— D")s being measured in the direction of the deflexion 
doe to passing from cup 1 to cup 2 exposed to the radiation 
with no current through the Junctions. 

The exact theory of the method of balancing tbe radiation 
and of reversal to eliminate the Joule effect is fully discussed 
in the paper already cited. 

Assuming that the radio balance is adjusted so that its 
receiving aperture of area a sq. cm. is coaxial with the 
aperture of radios r in the water-cooled diaphragm serving 
to define the source, and that tfis the distance in cm. between 
the planes of the apertures, tbe radiant energy E' in ergs/sec. 
or microwatts, depending on the units used for <r, entering 
the aperture from the source at temperature Tj Abs. is given 
in terms of the radiation constant by the equation 




If the source is replaced by one of equal area at a temperature 
Tj Abs. the energy E" received from the source is given bv 
the same expression with Tj in place of I’l. 

The quantity observed is the difference 

E = E'-E" = 2PC + (D'-D")«-DoS microwatts, 

where D,, is the deflexion of the galvanometer measured in 
the same direction as (D'—D”), when first cup 1 and then 
cup 2 is exposed to the source at T* Abs. 

Hence 

o- =s i2PC + (D '-D"-Do>}(f+r») 
ar»(Ti*~TjT 

microwatts/cm.*/degree*. 

Actually the balance has two apertures which are arranged 
to be equidistant on either side of the axis of the radiating 
aperture and tbe same distance from the aperture. This 
displacement of the centres of the receiving apertures bv an 
amount h from the axis diminishes the radiation received in 
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the ratio d^jeP+b^ on account of the increase of distance 
between the source and receiver centres and in the same 
ratio again because of the obliquity of the apertures. With 
the distances at which the measurements were made this 
correction is very small and is applied sufficiently accurately 
by the addition of the constant to the factor + in 
the previous expression for o*. 

Hence 

__ {2PC+(D'-D"-Do>}(i2 + r2 + 2fe2) 

microwatts/cm .^/degree** 

3. Calibration of the Radio Balancem 

The Radio Balance was calibrated by finding the values of 
the Peltier coefficients under similar conditions to those in 
which it was used. 

Two small heating coils were made in the following 
manner. A pair of copper leads were soldered to 32 cm. of 
S.W.G. 40 double silk-covered iiianganin wire at one end 
and an exactly similar pair at the other, so that the potential 
and current leads joined the manganin wire at the same 
place. S.W.G. 38 double silk-covered copper wire was used 
for the leads to keep the conduction losses small. One pair 
of leads was then pulled through a glass capillary tube of 
about 2'5 mm. external diameter and 3 cm. long, so that the 
soldered join to the manganin wire was just inside the tube 
and thus insulated by it. The manganin wire was then 
wound back on the glass tube to a distance of about 6 mm^ 
from the end. By having a double layer of wire all the 
32 cm. of wire was wound on this length. The remaining 
soldered joint was insulated and the coil held together by a 
coat of shellac dissolved in absolute alcohol, which w^as^ 
allowed to become thoroughly dry before the coil was used. 
The other coil was made in a similar manner, and the 
resistance was made to agree to less than 1 part in 1000 with 
that of the first coil by careful adjustment and testing 
with a potentiometer. The resistance of each coil was 
approximately 0 ohms; when complete and the shellac 
thoroughly dry they fitted tightly into the cups of the Radio 
Balance, the top of the coil being at least 2 mm. below the 
top of the cup. The coils were put one in each cup of 
the Radio Balance and a little vacuum oil was put in to 
make a better thermal connexion between the coils and the 
walls of the cups. This is very necessary, for if there is a 
large resistance to the flow of heat from the coil to the cup 
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the values obtained for the Peltier coefficients will be too 
large. 

The current was made to flow through one of the coils and 
one pair of leads connected to the other coil. In this manner, 
by having the same current through the leads of each coil, 
tne heating effects in the leads are accurately compensated. 

The method of taking observations was to balance the 
heating effect in one coil against the cooling effect of 
the Peltier couple in one cup and the heating effect in the 
other. The current was then sent through tne second coil 
und one pair of the leads to the first coil, and the current in 
the Peltier circuit reversed simultaneously. Knowing the 
current in the coil circuit and the potential across the coil 
the microwatts expended in the coil can be deduced. 

If 

W = microwatts expended in coil, 

(D^—D")5 = scale microwatts, 

C = current in Peltier circuit in milliamperes, 


the value of P is given by 




This is the value of P at the temperature of the Eadio 
Balance. 

The currents in the coil circuit and the Peltier circuit 
were found by measuring the potentials across known 
standard resistances of approximately one ohm each, which 
had been carefully compared with N.P.L. standards. 

The potentiometer used for potential measurements in all 
these experiments was the direct reading type 0-90 millivolts 
as made by the Cambridge Inst. Co. The scale, which 
read to one microvolt, was adjusted by means of a Weston 
standard cell w^hich had been compared with N.P.L. standards. 
This cell was a hermetically sealed H type and the E.M.F. 
was taken as 

1-0183 volts at 20''C. 


with a temperature correction given by 

Vt = V3o-0-0000406(e~20), 

where t is the temperature of the cell in degrees centigrade. 
The temperature of the Badio Balance was measured with 
specially constructed mercury thermometer which fitted 
right into the body of the instrument. The thermometer 
was graduated in halMegrees centigrade and no difficulty 
was experience in estimating to a tenth of a degree. The 
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temperature was varied by varying the temperature of the 
room^ closing all the windows and doors and turning the 
heating apparatus full on for the higher temperatures, and 
leaving the windows and doors open, but carefully screening 
the Radio Balance from draughts, for the lower temperatures. 

The values found for the Peltier coefficients were as 
follows ;— 

Temp.''O. ... 15^ 17° 19° 21° 23° 25^ 

P millivolts... 14-85 14-98 15-11 15-25 15-38 15-51 

These results are represented by the equation 
Pe = P 2 o+ 0 - 066 (t- 20 ). 

In the series of values obtained for P the deviation from a 
straight line when P was plotted against t was always less 
than 1 in 1000. 


4. Arrangement of Apparatxls. 

The source of radiation used in these experiments was a 
wire-wound electric furnace, the temperature of which was 
measured with a platinum resistance thermometer. 

A heating solenoid of nichrome wire 'was wound on a 
quartz cylinder of about one and three-quarter inches internal 
diameter, the wire being wound closer at the ends than in 
the middle in order to compensate for the heat losses from 
the ends of the tube. This tube was surrounded with other 
concentric tubes ? *d wrappings of insulating material. 
Into the quartz tube fitted fairly closely a nickel cylinder a 
sixteenth of an inch thick. This cylinder extended the 
whole length of the tube and no part of it was visible when 
taking readings. A nickel block with one end turned up to 
a blunt cone loosely fitted into this tube, so that the cone end 
was approximately in the centre of the furnace. The cone 
end of the nickel block formed the radiating surface and was 
made this shape to prevent direct reflexion into the Radio 
Balance. The other end of the nickel block was bored to 
take a platinum resistance thermometer, the coil being 
completely enclosed in the block and near the radiating 
surface. On the end of the furnace was fitted a water-cooled 
diaphragm made of brass and blackened, the w^ater space 
between the back and front being half an inch. The aperture 
in the diaphragm could be closed with a water-cooled shutter 
mounted directly in front of the diaphragm. The diameter 
of the diaphragm was a little greater than that of the end of 
the furnace in order that no radiation from the heated parts 
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of the furnace could affect the Radio Balance. It is important 
that the flat side of the water-cooled diaphragm should be 
towards the receiver and the bevelled side towards the furnace 
to prevent any possible reflexion of heat by the bevel into 
the receiver. The receiving apertures of the Radio Balance 
were similarly bevelled with the flat side towards the source. 


5. Measurements. 

The diameters of the apertures in front of the cups were 
measured with a Hilger measuring microscope reading to 
0*0001 cm. 


Figure showing General Arrangement of Furnace and Radio Balance. 



Movable Water-Cooled Shutter. 

B. Water-Cooled Diaphragm, 

C. Nickel Block, 


N. Nickel Cylinder. 
SjSa. Screens. * 

Il.B. Radio Balance. 


The mean of 52 measurements for the diameter of 
aperture 1 gave 0*2099cm.diameter or 0*03464 sq.cm.area. 

For aperture 2 the mean of 50 measurements gave 
0*2083 cm. diameter or 0*03411 sq. cm. area. 

The mean area was taken as a = 0 03411 sq. cm. 

The value of b was obtained by measuring with the same 
microscope the shortest distance between the apertures and 
adding the mean diameter of the apertures to this distance. 

The value found was b 0*579 cm. 

The diameter of the aperture in the diaphragm was 
measured, whilst water was flowing through it, with a 
Cambridge Inst. Co. travelling microscope reading to 
0*0001 cm. 
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The value found as a mean of 38 measurements wa& 
2r = 2*0527 cm. 

The distance between the source and the receiver, which 
is the distance between the opposing flat surfaces, was 
measured with a micrometer distance piece reading to 
0*0001 cm. 

The current in the Peltier circuit was measured by taking 
the potential across a standard resistance as previously 
described. 

The platinum thermometer used for measuring the tem¬ 
perature of the furnace was of the. usual type as made by 
the Cambridge Inst. Co., having a fundamental interval of 
approximately one ohm. 

The thermometer was used in conjunction with a Callendar 
Griffiths" bridge and a sensitive coil galvanometer The 
bridge was calibrated by the usual substitution method and 
the small corrections found were applied to the coils. After 
the experiments had been proceeding for some time the coils 
were again cailibrated. This calibration agreed with the 
previous one to the accuracy obtainable by this method. 

The fundamental interval of the thermometer was deter¬ 
mined about once a week during the course of the experiments 
and showed a slight change of 0*0003 ohm over this period. 
Tiie ice point changed by 0*0005 ohm in the same period. 

The temperature was calculated from the equation 




X 100, 


and corrected to the gas scale by the equation 


t^2>t = d{t —100^ t. 

pt = temperature on platinum scale. 
t = temperature on centigrade scale. 


d = 1*5 X IQ-^. 


When taking a reading the Callendar Griffiths^ bridge 
was set to correspond wdth a previously decided temperature 
and the bridge galvanometer spot kept wdthin limits corre¬ 
sponding to a tifth’of a degree centigrade on either side of 
the balance position by hand manipulation of four rheostats 
in series with the furnace and the 110 volt mains. 

The temperature of the water circulating in the diaphragm 
was measured to a tenth of a degree centigrade on inflow 
and outflow with mercury thermometers totally immersed in 
the stream. The mean of these temperatures was taken as 
Tj, The difference between the two thermometers rarely 
exceeded 0*5^0. 
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6. Method of taking Observations. 

The Jiadio Balance was placed on a long wooden slide 
with a groove to take the feet of the instrument, in order 
that it could be moved along the axis through the centre of 
the radiating aperture. The slide and the Radio Balance 
were carefully levelled and centred, using a spirit level and 
steel rules. At no point was the centre of the Radio Balance 
more than 2 mm. off the horizontal axis through the centre 
of the radiating aperture ; and the error introduced by this 
is much less than 1 part in 1000 for the distances used. 

To prevent extraneous radiation from reaching the Radio 
Balance two screens were placed between the source and the 
receiver. The one nearer the furnace vras water-cooled, 
having a central aperture of 10 cm. and was 5 cm. from the 
furnace. The other was of tin plate with a 4 cm. aperture 
situated 15 cm. from the furnace. Both screens were 
blackened on the side toward.s the receiver, and the apertures 
were arranged to be coaxial with the radiating aperture. 

The Radio Balance apertures were exposed or screened by 
moving a shutter in close contact with the plane of the 
apertures and a screen on the front of the instrument. 
Both the shutter and the movable screen w ere blackened on 
the side remote from the furnace and gilded on the other. 

The Radio Balance having been set with the plane of its 
apertures at a known distance from and parallel to the plane 
of the aperture in the water-cooled diaphragm, the latter 
was covered with the water-cooled shutter. First one cup 
of the receiver and then the other were exposed to the 
radiation from the shutter and surrounding bodies at a 
temperature Tj. The small galvanometer deflexion on 
changing from one cup to the other was noted. This is Do 
in the expression given previously for a. The shutter was 
then removed and one cup of the Radio Balance exposed to 
the radiation from the nickel block, the current through the 
Peltier junctions being adjusted so that the difference in 
temperature of the cups was very small. Galvanometer 
readings were taken every minute for five successive minutes, 
the potential across the standard resistance being taken at 
the same time. The second cup was then exposed to the 
radiation, the Peltier current reversed and a similar series of 
readings taken. The mean of moh series was used in 
calculating the value of a. 

The temperature of the Radio Balance and the inflow and 
outflow temperatures of the water were taken before and after 
each set of readings, and found to be very constant. 
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7, Results. 

Mean area of Radio Balance apertures... 0’03437 sq. cm. 

Diameter of water-cooled aperture . 2*0527 cm. 

Displacement of balance aperture centres 0*579 cm. 
from axis. 

The following table gives the value of o-xlO'** in 
ergs/sec./cm.Vdegree^:— 


Date 

1928. 


Temp. 

furnace. 

Temp. 

water. 

Temp. 

Badio 

Balance. 

Total 

micro¬ 

watts. 

Dist. of 
furnace. 

Value of 
erxl0». 

April 26 


78600° C. 

16-50 C. 

21-3° C. 

20015 

36*041 cm. 

5-761 

** 


tl 

It 

21-3 

200-37 

>1 

5-758 



777-20 

It 

21-0 

261*74 

31-010 

5-758 

It 

... 

It 

tt 

21-1 

260-73 • 

ft 

5-736 

It 

... 

tl 

tl 

21-1 

371-10 

26-029 

5-756 

ti 


tt 

tt 

21-1 

370*c3 

It 

5*747 

April 27 


716-55 

16*9 

19-7 

291-69 

26-033 

5*749 



tl 

ft 

19*7 

291-57 

It 

5-747 

»t 

.•* 

II 

n 

19-7 

203-88 

31-071 

5*729 

It 

... 

If 

tt 

19*6 

204-27 

36-053 

6-731 



It 

It 

15»-3 

151*85 

5-733 

!• 

... 

ft 

It 

19*2 

152-10 

it 

5-742 

June 8 


772-27 

19*3 

220 

641-70 

21-195 

5-681 

ti 

... 

If 


21*6 

361-02 

26-072 

6-723 

»# 

... 

tt 

It 

21*6 

359-23 

tt 

5-694 

tt 


tl 

If 

21-5 

257-04 

31-008 

5-760 

» 

... 

It 

tt 

21-5 

256-02 

It 

5-737 

June 9 


831 *85 

19-4 

205 

318-90 

30-992 

5-73(> 

It 


tt 

ft 

20*5 

320*14 

It 

5*752 

It 

... 

tf 

tl 

20-6 

452*03 

26-070 

5*736 

It 


tl 

tl 

20*6 

451-71 


5*732 

tt 

... 

It 

If 

20-6 

237*00 

35-985 

6-725 

ti 


If 

It 

206 

237-18 

It 

6*729 

June 10 


985-51 

19-6 

20*0 

400-76 

35-963 

5*734 

It 


It 

It 

20*0 

400-50 

31-159 

6*727 

II 


II 

t» 

20*0 

536*35 

5*763 

It 

... 

tl 

tt 

20-0 

635 76 

tl 

5*756 

It 


It 

It 

20*0 

763-51 

26 072 

5*747 

It 

... 

tt 

ft 

196 

1154-5 

21*089 

5*692 

It 


It 

II 

19-7 

1156-7 

tt 

5-703 

June 11 

... 

821-47 ^ 

19-1 

19-6 

307-05 

31*077 

5-744 



II 

II 

19*9 

304-39 

II 

6-694 

V| 

... 

tt 

It 

194 

227-96 

36-976 

6-713 



It 

ft 

19-2 

229-90 

It 

5*762 

ft 

... 

II 

i» 

19-0 

176-23 

41-085 

5-758 

f) 

... 

If 

ft 

19*1 

176-73 

II 

6-741 



II 

It 

19-2 

431-41 

26*196 

5*738 

If 

... 

1# 

It 

19*4 

431*28 

II 

5-736 


Mean value of <r = 5*735 Xltr“5 erg/8ec./cm.V4^reel 






*838 JDeterminatiofi of Stefan^Boltzmann Radiation Constants 
8. Dismsdon of Methods, 

The condition which is theoretically necessary in a deter¬ 
mination of the radiation constant is that both the source 
and the receiver should be full radiators or “ black bodies/^ 

In the foregoing experiments this condition has been 
realized as far as is possible in experimental work of this 
description, by having constant temperature enclosures with 
good radiating walls and apertures small in comparison 
with the dimensions of the enclosure. 

Keene * has been the only other observer using a similar 
method to determine the radiation constant who has en¬ 
deavoured to obtain black body conditions in radiator and 
receiver. In his paper he states that owing to the water- 
cooled diaphragm on the furnace being in the reverse direc¬ 
tion to that used above, his mean value of 5’89 x 10**^ c.g.s. 
units may be as much as 2 per cent, high, through heat 
reflected from the bevel re-entering the receiver. A range 
of only 23^ C. (1097°—1120®) was used, and the distance 
between the source and receiver was only varied by 0 023 cm. 
The receiver was an aniline Thermosoope of rather high 
thermal capacity which was calibrated by an electrical 
method. 

Coblentzf has made a determination of this constant 
using a modified Angstrom Pyrheliometer. His value 
5'722 X 10“® c.g.s* units, is the mean of a large number of 
results using different receivers, but all of similar construc¬ 
tion. The variation in the values of cr is about 4 per cent*, 
after a correction for reflexion, separately determined, has 
been applied to the observed values. 

Other experimenters nsing different methods, such as the 
ratio of emissivities, have obtained a value for cr of the order 
of 5*7 X lO’"® c.g.s. units. These results have not been 
discussed in detail here as the principles of the methods used 
differ from those of the methods already mentioned. 

Lewis and Adams J have used the theory of ultimate 
rational units in order to calculate the value of cr. Using 
data based upon the electronic charge e, the gas constant R 
and the Faraday equivalent F, they obtain the value 
5 7 X10**® c.g.s. units for the radiation constant. 

More recently Millikan § using Planck’s equation for the 
distribution of energy in the spectrum of a black body/^ 

e PrcKs. Boy, Soc. Ixxxyiii. p. 49 (1918), 
t Bull. Bur. Stds. xxi, p. (1916). 

X Phys. Rev. (2) iii. p. 92 (1914). 

§ Phil. Mag. xxxiv. p. 1 (1916). 
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has calculated the value of or. The value he obtains is 
5*72 ± *034 X 10""® c*g.s. units. 

From a critical examination of the values of a obtained by 
a variety of methods, it now seems well established that the 
value of this constant lies in the range 5*70 to 5*75 x lO"*® c.g.s. 
units. 


9. Conclusion. 

The concordance of the results obtained with the Badio 
Balance under widely differing conditions shows that the 
method used for evaluating the absolute measure of radiation 
is extremely satisfactory, and that the instrument is well 
suited for this purpose. It has the further advantages of 
being easy to manipulate, quickness in working, and accuracy 
in the necessary measurements. 

I wish to express ray gratitude to Professor Callendar for 
the continual advice he has given me, and the kindly interest 
he has shown throughout the course of the experiments. 


LXXXIIL Note on a Type of Eeterminantal Equation. By 
R. 0. J. Howland, M.A.^ Af.iSc., Vnioersity College^ 
London *. 


JgQUATIONS of the type 


ajj—X, ai2. 




9 


9 


a^n 


= 0 . . ( 1 ) 




a„„— X 


occur frequently in ribration and other problems, and in 
many such problems not more than two, the highest, values 
of X are of interest. - ’ 

When equation (1) is expanded, the coefficient of (—X)" 
is unity; that of (—X)*-^ is the sum of the diagonal 
elements ; while that of (—X)"~* is the sum of n(n—1)/2 
determinants of the second order, and is readily calculated. 

\The remaining coefficients, however, appear as the sums of 
determinants of the third or higher orders. Experience 
shows that the calculation of such determinants, using a 

• Oommimicated by tke Author. 
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calculating machine, is not only laborious, but is of a type 
in which it is easy to fall into error. 

It is the object of the present note to show that the 
equation may also be solved by an application of the root¬ 
squaring method The calculations involved are about as 
extensive as those needed for the direct solution, but they are 
of a kind better adapted to the calculating machine, and for 
this reason the method may prove to have some advantage 
in practice. 

in order to form an equation whose roots are the squares 
of those of (1), we first form a new equation from (1) by 
changing the sign of X and then multiply the two deter¬ 
minants in matrix fashion, rows by columns. This gives the 
new equation in the form 



n 


where A^sOrtats* 

t=i 

Since A^# consists of a sum of simple products, its calcu¬ 
lation is of a type to which a calculating machine is well 
adapted. 

The process is now repeated with equation (2), and 
continued until the roots are so far separated that the first 
two can be estimated from three terms only of the equation ; 
these, as we have seen, are readily calculated. 

Consider, for example, the equation 


25-X, 

38, 

39, 

31, 

17 

38, 

64—X, 

69, 

56, 

31 

39, 

69, 

QC 

1 

69, 

39 

31, 

56, 

69, 

64—X, 

38 

17, 

31, 

39, 

38, 

25-X 


. • . . (3) 

which occurred in a problem of the whirling of a shaft. 

♦ Whittaker & Robinson, < The Calculus of Observations,* pp. 106 
et seq. (London, 1924). 
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The first two roots of this equation ^ere found to be 
239*5 and 14'55. The first three terms of the expanded 
equation are 

X®-259X^ + 4705X3.=0. . . . (4> 

If the highest root is estimated from the coeflScient of X^ only, 
we obtain Xi = 259. If the second root is estimated from the 
ratio of the coefficients of X^ and X^, the result is 18*2. 

A first application of the root-squaring process to (3) 
gives 


4840-X2^ 

8336, 

9558, 

8224, 

4727 

8336, • 

14398- 

16560, 

14285, 

8224 

9558, 

16560, 

19125 

16560, 

9558 

8224, 

14285, 

16560, 

14398-X®, 

8336 

4727, 

8224, 

9558, 

8336, 

4840-X* 


The first three terms of this equation are 

X^o- 57601X8 + 1-350 x lO'X®....=0. . . (5) 

From the coefficient of X® we now estimate the first root as 
Xi=: ^^57601 = 240 , 

while the ratio of the coefficients of X® and X® leads to 

Xs = \/l350/5*76 = 15*3. 

The approximation is already quite good. 

In repeating the process, it is necessary to work to seven 
or eight figures if the coefficients are to be accurate to three 
or four. The resulting determinant is therefore rather long 
and will not be written down. It leads to the equation 

X20-3-291 X 10^X^3-5-1-569 xl0i"X'2__^ ^ ^ 

From this we have 

Xi = (3*291x10^)^=239-5, 

Xs = (1*569 X 103/3*291)^= 14-78. 

The error in X 2 is about 1*6 per cent., and, since the frequency 
depends on the error in this will be less than 1 per 

cent. Thus the first two roots are obtained with sufficient 
accuracy for most practical purposes. 

In practice it is necessary to judge the degree o£ 
approximation that has been reached by watching the 
PhiLMag.^.l.Yo\.Q.l^o.U.Suppl.Nov,122^. 3 1 
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convergence of the sequence of estimates given by the' 
successive equations such as (4), (5), and ( 6 ). The three 
successive estimates of X 25 namely 18*2,15*3, 14'78, indicate 
a rapid convergence to a value not very different from the 
last of them. Such an indication can usually be accepted 
with confidence^ since it is generally known that the roots of 
the initial equation are real and well separated, conditions 
which are known to be sufficient to make the process a 
rapidly convergent one. 


LXXXIV. Heaviside’s Formulce for Alternating Cur^'ents in 
Cylindrical Wires. By T. J. Fa. Bromwich 

I T was certainly due to Heaviside f that two correlated 
problems of this type were fully solved in terms of 
Bessel-functions; but of late years text-books have usually 
given the much less convenient solutions, obtained later t by 
Lord Kelvin in terms of the her an I hei functions. Lord 
Kelvin himself had certain numerical results tabulated from 
his formulae, being (apparently) unaware that equivalent 
values had been previously tabulated by Heaviside : in other 
respects Lord Kelvin was fully aware of the importance of 
Heaviside’s work. It is, in fact, due to Heaviside’s work tliat 
we obtain the (now commonplace) view that the seat of the 
electromagnetic energy is the surrounding medium : that 
this energy gradually soaks into the conducting wire, and is 
there used up in heating the wire. 

Hitherto (so far as 1 know) no proofs have been given of 
Heaviside’s formula} given in §2 below ; thus, although the 
results are some 40 years old, it may be of service to provide 
proofs, and at the same time to direct attention to the 
advantages obtained by using these forinulse. 


§ 1 . Preliminary Formulce. 

In Heaviside’s discussion of an alternating current flowing 
along a cylindrical wire, the fundamental equations are 
(writings for B/^^) : 


47r^ _ BHg 47r^ _ 


-yU./?H2=: 


BEl 

"dz 


BEj 


* Communicated by the Author, 
t Papers, vol, i. p. 362; and vol. ii. p, 97. 

j Lord Kelvin himself refers repeatedly to the work done by 
Heaviside in this connexion. 
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where (Ex, 0, Bis) \ and (0, H 2 , 0) denote the electric and 
magnetic forces (in cylindrical coordinates r, 0^ 0 ), and cr, 
are the specific resistance and permeability of the wire. In 
most practical applications the fields are independent oE z 
and the familiar methods of solution give 

.E,= 0, E3=^AIo(®r), H3 = ^AIi(^r), 

where g^^^Air/iLplir, 

Without going further into the general theory of such 
operational symbols we may pass at once to the case of 
alternating currents, for which (assuming a time-factor e^”' ) 
we can write simply 

p=m. 

Then = ^7n7ipj<T = {4tTrtifjLfa) 

and so qr — rs/^irn^bjae^^^^. 

The total current in the wire is 

P ® 0«7j* ^*irP^fi 

0:=J 

and|the eSective resistance is accordingly given by 

E gCa) _ / ^ \ qaloiga) 

0 \7raV 2lT,{qa) 

When p = 0 this expression reduces to cr/7ra^=Il, the 
steady current-resistance ; but in general it is an operator, 
and is called by Heaviside the resistance-operator, 

§ 2. Certain Series derived from Bessel ± unctions. 

Let us write 

where a* is real, and put To(^r)=w; 

also let V denote the complex number conjugate to u. 

It will be convenient to write further 

1 = logd?, x = ^, 

so that 



* For a coavenient iiitroduetion (with references to Heaviside’s work 
.and to earlier papers of my own) the reader may consult Dr. H. Jeffreys's 
Tract (No. 23 of the Cambridge Mathematical and Physical Tracts, 
1927). 


n I 2 
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Now the differential equation for Jo{qr) gives 
d / du^ 


= qVu ~ ix^u = 


and so the final equation for u in terms of f is 


d^u 


(1) 


Since ^ is real, we can obtain the equation for v by 
changing the sign of i in (1), and then we have 

d^v 




= — 


( 2 ) 


Consider now the actual formula for u : from the familiar 
series tor lo(qr) we see that 










22 2^4^ 2*.4^6*‘^ 2*.4*.6*.8* 




from whioli it is evident that the formulae are simplified by 
writing * 

a-*=45 ^, log£=f, so that 2^=5^4-log4 . (3) 

Then we have 


— 1 1 ^ 
w — J -+12 12,22 


iz" 


12,22.32^ 12.22.32.42 


+ ... 


(4} 


and the equations (1) and (2) reduce to the forms 

u" = ie^u, v" = — ie^v, .... (5) 

where accents denote differentiation with respect to f. 
Multiply equations (5) by u, v and add : then we have 

which may be written 

^(«»)=2m'u'.(6) 

Differentiate (6) again and the result will be 

+ = , • (7) 

The function on the right-hand side of (7) is of importance 


* This z is the same as Heaviside’s (Electrical Papers, voL ii. p. 91). 
Also w=:M+*N, t;=M—iN in his notation. 
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i n tb# future work ; and to obtain a convenient notation, it 
may be noted tbat from ( 4 ) we bave 

«=l + t/ + 0(e*^), » = 1—t/+0(e*^), 

«'=tef+ 0 (e*^), e'=-te^+ 0 (e^). 

Thus Mt /—•vSv = — 2 tc^ + 0(e®^). 

It is therefore convenient to use the real function to 
defined by 

2w^ l{uv '—• . . • * (8) 

so that the first term in w is e^. 

It will now be seen that (7) reduces to 

j^(uv)=z4.e^w .• (9) 

Also ==e^(uv)^ . . . ( 10 ) 


Remembering the form of (4) we see that 

uv = l + ^e^^ + 0(e^^). 

Thus we can assume that 

UV:= 14-+Ase®^+... 1 

zc=<6^(1 + + Bs^®^ + ...) j 

and so, substituting in (9) and (3.0), the coeflScients A., 
are given by 

2®Ai = 4, 4®A2=4 Bi, 6®A3=4B. 

and 3Bi=Ai, 5 B 2 =A 2 , 7 B 3 


— 4 B 2 , ...) 

= A3, ... ) 


( 11 ) 
»J Bb 

( 12 ) 


From (12) it is easy to see that 

‘~2’ Ai~2®'6’ As" 3® *10’ A 3 4®*14’” i 
and j• (13) 

-f._l ± ^-1 -L I 

B,“ 2 ®* 10 ’ B2~3®*14® B 3 “4®* Id’" ' 

Thus, from ( 11 ) and (13), we find the first pair o£ 
fundamental series 


Mi;_Pi_l+ 2 ( 1 + 2».6{^‘*'3».1o(^“^ 4®.14{^‘^"** 




846 I)r. T. J. I’a. Brom’wich on HeamMe’s Formulce 


w 


— ^O^v' — u'v) —ZP 2 , 


I 


and 

a I 

where (15) 

Pa=l+-g(l+.|5^(n-g3^(l+-j3-j^(l + ... ) 

It is useful to note the numerical Talues of these successive denominators, 
vhich are in (14): 

2. 48, 270, 896,,.. 

and in (15): 6, 80, 378, 1152,... 


The next series which it is useful to obtain is 


, , 1 ... . 


On differentiating (14) this gives 
m'w' = 2^®P3, 

2 / (.2 / -2 


where 


2.6 22 . 3.10 32 . 4.14 0 '^ •••)] 

Here the denominators are found to be 

12. 120, 604. 1440, .. 

Finally we shall use also 

$ f y ^ Cll^ J 

uvr-uv=^^(uv)=^-^, 

and from (14) this gives 

uv' + u'v^z^p4y 

where 

p4=l+ 2^273^7103.4M4(^‘^"')I 


(16) 


(17) 


The sequence of denominators is here 

24, 180, 672, 1800, ... 

It may be convenient to note that corresponding terms 
in these four series are arranged in order of numerical 
magnitude, so that 

It may also be of interest to observe that the four series 
are connected by the simple identity 

P 1 P 3 - P 2 "=so that P 1 P 3 > . (18) 
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In fact we have 

1 1 

~U^v)^=:(uvXuW), 

and, on division by this reduces to (18). 

As a direct verification, we find that (up to 

P.P.=l-rQ + i).-+ + a + 

p,-=l+‘..+ (i+^)^+.. 

' 1,1 2 1 »4 I 

Xlius, on subtracting, we see that 

p.p.-p.>=i^+^^+... 

while Pt^=l+^z^+..., 

so that the general formula (18) is verified as far as terms in 

For comparison with Heaviside’s work it is convenient to 
observe that he writes 


■ ■ M + iN, M-tN 

for «, V respectively. 

Thus in the notation used above, we find that, 


P, = M2 + N® 

;;P2 = ir(MN'-M'N) 
2*P3=ir=*(M'=*-|-N'*) ’’ 

r2p,=r(MM' + NN') . 


. . (19) 


where^ in (19), as in Heaviside^s formulce^ the accents refer to 
differentiations ofM,^ ^ with respect to v: 

Actually the functions M, N are identical with those for 
which Lord Kelvin introduced (at a later date) the notation 
her^ hex ; but neither he nor any others (of those who have 
worked at the subject in ignorance of Heaviside^s formulae) 
gave the formulae (18) and (19). 
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§ 3. Applications to longitudinal alternating currents. 

In Heaviside’s operational method we write 

q^st^irixpla, .( 20 ) 

where, as above, p^dfdt^ and ir, p are the specific resistance 
and the permeability. Thus if we write R for the steady-' 
current resistance per unit length of the wire^ we have 

R=r<r/7ra^ 

and g^a^ = ipp/Tdi. 

In the case of alternations of frequency nj^iTy we can write 
effectively p=m^ taking q then as a complex with a positive 
real part. 

Thus q^a^ = 4/Ltm/R, 



That is, in the notation o£ § 2, 

ss:=^2^f /an/R, 

or * 5 = /Ltn/R.(21) 

Heaviside has shown that the resistance-operator of the 
wire (per unit length) is given by the formula (see § 1) 

^RjaIo(?a)/Ii(ga),.(22) 

which reduces to R, as it should, when the current is steady^ 
so that we can write jt?=0 or §' = 0. 

It is usual for numerical work to express the resistance- 
operator in the form 

R^ -f Ij^jP ....... (23) 

and then to call R', L' the high-frequency resistance and self^ 
inductance^ per unit length of the wire. 

Using the notation of (4), (5), we find from (22) and (23), 

B' + L'p=B (^) 5 ^ ^ ^ 

♦ In vol. i. of his Papers, HeaTiside uses the alternative notation, 
but this seems less convenient in most applications. 
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On substituting from {15)-“(17) we see that 




, JJn 

and = - * 


U Fs R Pz 

the two formulae given by Heaviside*. 
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(24) 


Por example, let ^=10 or 

Then P2=44-507, ^3=17*755, P4=7*8454, 


a.nd so 


W _ *507 

R ““ 17*755 


=2*507, 


R 


39*227 

i'<*755 


= 2 * 212 . 


It is not diflScult to deduce Lord Kelvin^s formula for 
R'/R from (24) ; we see, fi*om (19), that 


R' 

R 



To compare with Kelvin’s actual formulae, we must 
express the differentiations in terms of ac : and iisine (3), 
this gives t 



where 


M = berA’, N=bei^. 


A table, calculated by Dr. Magnus MacLean, is given in Lord Kelvin’s 
paper and will be found in Prof. Fleming’s book (loc. cit, p. 103). As an 
•example we may take a’=4, for which 3’=4 ; then (15) and (16) give 

P2 = 4*2229, P3=2*5168, 

30 that P 2 /P 3 =1*6779, while the tabular value is 1*6778. 

An alternative method, when \z] is large, is to use the 
asymptotic formula for Iq, namely t 


loiqa) == 


\l27Tga 



+ 


1.9 

2{Hqay 



* Papers, vol. ii, p, 98; they are naturally equivalent to Lord Kelvin’s, 
but they are more simple to work with. 

t Lord Kelviji, Math, and Phys. Papers, vol, iii. p. 491 j see also 
Prof, J. A. Fleming, ^Electric Wave Telegraphy,’ 4th ed. p, 101 (1919); 
and Pidduck’s * Electricity,’ 2nd ed. p, 399 (it is perhaps useful to note 
that the table given in the first edition is erroneous), 

J Other methods are given in § 6 below; I originally devised these 
in 1908-1909, but they may have been used earlier by Heaviside. 
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Then, by logarithmic differentiation, we see that 

1 . 9 

ii(g^) JL. 

loiqa) 2qa 


^(qa)^ 64 


+ ... 


^ iqa ^ 128(5'a)’^ “h ••• 
Thus on taking the reciprocal, we see that 

qa Io(qa') _ 1 ^ 3 1 

2 li( 5 'a) 2 \ 2qa 6(qa)'‘‘ t^(^qa)^ J ’ 

and proceeding as before, we find that if 

gr <2 = 5{l-}-4), or 5= \/2z=z v^2^n/R, 

then (22), (23), and (25) give 


IF _ ^ 1 

R — 2 4 


3 

32s 


(?) 


L'n 

R 


s 

2 


o 

32 ^ 


+ ra 


O 


32s2 


(?) 


(25) 


(26) 


(27) 


Although (25) was known to Heaviside f at a later date, 
yet he never seems to have used more than the first terms 
in (27)—which constitute the extremely rough approximation 
due to Lord Rayleigh, 

For example, with 5^=10, we have 5= V20=2 V5, and so (27) gives 
® = V5+i+3|jV5, nearly 


while 


=2-236-H-25-h 021 = 2 507, 
640’ 


JJn 3 


to the same order =2*236—*021 —*006=2*210. 


These two values agree extremely well w th those found from (24) above J, 
Similarly, with ^=20, s=10 V2=s=^ 14*142, and then we find that 
RVR=7*071 -f -25 4- *006 =7*327, 
while the value 7*325 is found in Kelvin’s table. 


* See, for instance, rny book on ^Infinite Series’ (2nd ed.) Art. 117. 
For more details see § 6 below. 

t ‘ Electromagnetic Theory/ vol. iii= p. 371. (See § 6 below.) 

4 This example was given by Heaviside (Papers, voL ii. p. 99), but he 
found a discrepancy through using the rough approximation of Rayleigh,. 
R’=L'« = (2*236)R, corresponding to the first terms in (27). 



for Alternating Currents in Cylindrical Wires. 851 


§ 4. Lord Kelvin’s metliod of evaluating K^ 

^Tbis depends on a different physical principle ; it is of 
some historical interest, and affords a useful check, although 
longer (and less fundamental) than Heaviside’s method 

Let E 3 , w denote the electric force and current parallel to the axis; then the 
rate of heating (per unit length) is 


j: 


E 3 W . 2 ir r dTf 


where w is the complex conjugate to w, 

I How, if Hjj is the magnetic force (in circles round the axis) we hare 


4irrtc= (rHo). 47rm*= ^ (rHg), and 

j ^ ^ ^ dr 

I Using these results* we can integrate by parts, and then the formula for the 
I’ate of heating becomes 


1 

o 





; The last term gives zero on the average, since it is a perfect differential with 
respect to t\ thus we can take the rate of heating as the time^average of 


Now, at a, w^e have 

E 3 =(E' 4 -L'p) 0 , and 27raH5j=47rC, 

where C is the total current and 0 is its conjugate complex. 

Thus our result is the average of (R^-{-L'/)) (CC), and so the final estimate of 
the effective resistance is again equal to R'. 


§ 5. The correlated problem of a coil surrounding a 
central core. 


It is proved by Heaviside f that the effective resistance 
aud self-induljtance are then given by 


R/ + Li'p = Lij:> 


i 1 

) qalQiqa) J 


9 


* It is perhaps necessary to caution readers against the version of 
this method given on pp. 102, 103 of Prof. Fleming’s book: the slip 
made there is often to be found in energy-calculations when complex 
variables are used to represent the electric and magnetic fields. The 
fallac}^ lies in the assumption that the square of the intensity is equal to 
the square of the corresponding complex ; but it is evident that 
is far from being equal to and the former is not even equal to 

the real part of the latter. 

When the square of the intensity is needed, it is necessary to multiply 
the complex by its conjugate ; that is, {x+i/y) by (^’—ly) gives .r^-j-y"^. 

I See, for instance. Papers, vol. ii. p, 99 ; as a matter of rapid calcu¬ 
lation we can obtain all the necessary results (except for small points 
of detail) by an interehauge of the electric and magnetic fields in § 1. 
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the expression in brackets simply being the reciprocal of 
that used in the original problem. 

Now, in the notation used before, this bracket is equal to 


4 u' 


(^qaY u ^iz v) Vm u/ j 

^P4 


1*1 2tl*i 

Writing p=iin as before, we see that now 

rv _ Pi k' _ ^ 

Lia“2Pi’ Li~Pi’ ' 


(28) 


(29>. 


which agree with Heaviside*s formnlse (91A} and (92A). 

When | 2 :| is large, we can replace (28) by a formula 
corresponding to (25), which gives 


2Ii(ga) _ 2 C ^_1 

yalo(g'a) qa I 2q 


2qa ^{qa)^ 


b-'}- 


Then, if we write, as in (26), ga = ^(l + «-), the formula (30) 
becomes 


LR/ ^ L/ 

liin Li 

It follows that 


1 . 

16s3 165* 


E/ ^ 1 

Lj/l 5 
Ijl 5 


1 

25=* 

1 


165® 

1 


165 ® 165 * 


+ 0 
+ 0 


(^1 

(^•)J 


(31) 


(32) 


As an illustration we may take, as before, .:r=10, «= V20=2 for which 
we find that 

= 198-2, P2=44 507, P4=7*8454. 


Then (29) gives the values 

P/ ^39*227 
li^n “■ 198-20 ' 

And from (32) we find that 

B/ 


•1979, 




44*507 
198 20 


=^'2245. 


Jj^n 


h 

L 




2 V5 \ ^ 320/ ^ 64UU 


= -2243+*00016=^-2245. 
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§ 6- Asymptotic series for use when j | is large. 

These formulae are due (probably) to Heaviside ; the first 
plac^ in which they occur in a complete form is in his 
‘Electromagnetic Theory,’ voL iii. p. 371. 

In the first place, no confusion with § 2 need arise if we 
write w for what is there called qr ; so that x is now a 
complex number (of phase I^tt) . Then * 

"L1“ fa ■*'2 T(sS? 

the sign of t in the second term being positive, since the 
imaginary part of x is also positive. 

In order to obtain a formula for Jq(x)/Ii(x) which is of a 
reasonable type, we must restrict x so that the second term 
is small compared with the first. 

This requires that e shall be small where a!=C(l+i); for a relative 
order of 1/1000, r ^3’5, and so | a? j ^5, say; for the order 1/10,000, we take 
1=4*6 and !ar|^7 (roughly). 


It is then evident that expansions in descending powers 
of X of the types used in (25) and (30) are possible : to find 
the sequence of coefficients, write 

«=Io(a;)/Ii(d;),.(33> 


where again there is no risk of confusion a ith the former 
Then it is easy to verify that 


— =H- u^ = l + 

da! X 


4a?* 



1 V 

“ 2x) 


. (34) 


Thus, if w'e try the series 







we find from (34), the identity 

1 , ^^2 , 3A3 4A4 

2x^ x^ x^ 



^ See, for instance, my * Infinite Series,’ 2nd ed. p. 353 ; the result is 
due to Stokes. But it should be noted that in the formula given for 
I„(.r) in my book, n must be an integer. 
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or 


Thus 

^ = -i + 2A2, 2A2=2A3, 3A3=2A4 + A82, 

4 A4 =2 As + 2 A 2 Aj, 5 A 5=2 A 6 + 2 As A 4 + Ag^., 

5—^1 • (35) 


* _3 1 _3 . _ 63 . 

A 2 — y, Aa—-g, 
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and in addition, Aj= (as given by Heaviside). 

DJlJj 

Similarly, if we-write v^ljii in the equation (34), we 
find that 


dv ^ V ^ 1 1 

X ^ 2x X 


l£_l 

X' 


(36) 


and so 


2 B 2 . 3 B 3 . 4 B 4 


2x^ 




4 4 -^4... 

x^ x^ 


Thus 


Ax^ \ x‘ x^ / 


i = i + 2B2, 2B2=2B3, 3B3 = 2B4-B2^ 

4B4 = 2B3-2B2B3, 5B3=2Bc-2B2B4-B32.. 

so that 


(37) 


and apparently 


p _0302 


LXXXV. On the Investigation of Predischarges. 

[Plate XIV.] 

To the Editors of the Philosophical Magazine, 
Gentlemen,— 

I N the May number of the Phil. Mag. [7] v. p. 1698 
(1928), Prof. Harvey A. Zinszer, Hanover College, 
writes that the Schlieren ” method of Toepler and Mach 
has not been made use of hitherto in the investigation of 
the life-history of the spark. He is also of opinion that the 

69 552 

^ The last coefficient is given by Heaviside as ^ s=: ; but I have 

v>4 01 ^ 

checked the value given above in other ways. 
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Schliereri/method as employed by Toepler, Mach, and 
Wood is njt qualified for the investigation on the li£e--history 
of the spi^rk. 

Alre^y in 1922 I published * photographs of brush- 
discharge Schlieren,^^ and showed that the ‘‘ Schlieren 
method has been useful in giving more precise information 
about the life-history of the spark. I believe that I have 
reason to say that by the dispositions of Toepler and Wood 
I got pictures which, in spite of their smallness, render 
the most subtle details more sharply than the shadow 
method of Foley, which has been used by Prof. Zinszer. 
Therefore I send you three photographs (PI. XIV. figs. 1~3) 
with the request to puljlisli them in your Magazine. 


Fig. 4. 



The Experimental Pisposition .—The Schlieren appa¬ 
ratus was set up and adjusted in the usual manner described 
by Toepler. But to obtain u delay between the illumination- 
spark and the discharge to be examined, a method was 
employed which difters from those made hitherto by Toepler 
and Mach for photography of sound-waves. By an oscil¬ 
latory discharge in the oscillatory circuit of the sound-spark 
the tension of the illumination-spark is considerably raised 
in a wholly determined phase of the first oscillatory circuit, 
and thus led Toepler and Mach to the installation of 
the illumination-spark in a fixed interval of time after the 
sound-spark. But this method is not adaptable for the 
investigation of pre-discharges, where the well-defined oscil¬ 
lations are wanting. Therefore I used two big inductors 
(fig.i 4), and fastened their primary spools one after the 


♦ Thys, ZeiUchr. xxiii. p. 198 (1922). 
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other to the same interrupter. The condenser o£ the 
interrupter had to be enlarged correspondingly, so that 
the light arc of the interrupter was small and short. At 
every interruption of the primary circuit both secondary 
spools receive a shock by which the capacities Cj and O 2 
lying near them are charged. According to the period 
of the oscillatory circuit Ti and Tg, which depend on the 
self-inductions of the secondary spools and the capacities 
Cjt and O 25 the one discharge will take place earlier than 
the other one. 

Besides the two pointed electrodes (left +, right —) and 
the Schlieren,’^ some light equidistant lines are to be seen 
on the photographs (PI. XIV. figs. 1-3). They are caused 
by the diffraction of the light by thin threads of quartz, 
which are spread before the lens at the distance 1 cm. from 
one another, so that the dimensions of the discharge may be 
easily read. 

Pesults of the Obsenation ,—The experiments were 
undertaken in order to determine which of the pre¬ 
discharges, the positive or the negative, is the more 
important for long sparks. Therefore the experiments 
alw.iys began with sparks, and then only passed over to pre- 
discharges by means of magnifying the electrode <listance. 
Upon the illustrations we can see distinctly that the discharge 
under the given experimental conditions consists principally 
of a positive brush discharge. The negative part of the 
discharge is upon all photographs very much smaller, on 
the average about six times smaller, than the positive one. 
The middle length of the positive brush discharges 
amounted to 2*4 cm. at the tension of 32-35 kilovolts and 
an electrode distance of 5 cm. The middle length of the 
negative discharge is only 4 mm. ; besides, the longest 
positive discharge was 5*5 cm. long and the longest negative 
only 1*0 cm. For the calculation of the middle length, only 
such plates were taken on which positive and negative 

Schlieren were to be seen simultaneously; 105 such 
photographs were obtained. It can further be demonstrated 
that by a change of the tension the length of the positive 
part of the discharge is more influenced than the length 
of the negative part. 

Finally it may be mentioned that on moving plates, if several 
oscillations of the illumination-spark are employed, we can 
observe the temporal change of the discharge “ Schlieren.^^ 
The time-intervals can be estimated by the velocity of 
the plates. By this manner it could be fixed that the 

Schlieren rendered on figs. 1-3 (PI. XIV.) had been 
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taken about 4-8.10”^ sec. after the discharge. After 
1 .10"*^ sec. the Schlieren pictures were already indis¬ 
tinct, and after 2.10“^ sec. nothing at all was to be 
distinguished. 

Results .—By means of brush-light Scblieren ’’ it is 
demonstrated that with the long sparks—where the elec¬ 
trode distance is much larger than the radius of curvature 
of the electrodes—the spark track is produced by the 
positive pre-discharge. 


Riga University. 
June 20, 1928. 


Yours faithfully, 

Fr. Trey, 
Dr. Phn. 


LXXXVI. Electrical Properties of Neon, By J. S. Towns¬ 
end, Wykeham Professor of Physics,^ Oxford,^ and 

Sr P. MacOallum, M.A.y Fellow of New College^ 
Oxford 

1 . f I experiments on the electrical properties of neon 
JL and helium which were made in the Electrical 
Laboratory, Oxford, have shown that in the development of 
large currents the photoelectric effect of radiation from the 
gas is very small compared with the effect of ionization by 
collision f, but the apparatus used in those experiments 
was not suitable for the determination of the coefficients 
(X and y3, which occur in the formula for the rate of increase 
of the current with the distance between the electrodes in a 
uniform electric field. 

A new type of apparatus (fig. 1) with parallel plates 
was therefore made to determine the coefficients a, and 
which also ]»rovided a means of comparing the effect of the 
radiation from the gas with other processes of ionization. 

It was found to be of considerable advantage to have the 
apparatus enclosed in a long transparent envelope, so that a 
high frequency discharge could be used to examine the 
spectrum of the gas and to remove impurities. 

A quartz cylinder 23 cm. long and 5’8 cm. in diameter 
was therefore used to contain the apparatus. Flat quartz 
plates were fused to the ends of the cylinder, and the ultra¬ 
violet light from an external spark gap was introduced 

* Communicated by the Authors. 

f J. S. Townsend and O. M. Fochen, Phil. ii. (Aug. 1926). 
PUl. Mag. S. 7. Vol. 6. No. 38. Suppl. :^ov. 1928. 3 K 
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through the lower quartz plate, as shown in figs. 1 and 2. All 
the metal parts were of nickel, except the small bar magnet 
which was used to rotate the micrometer screw, and the 
molybdenum rods with the lead seals in the side tubes for 
connecting to the electrodes. 


Fig. 1. 



The quartz side tubes and lead seals were made very 
carefully by Messrs. Mullard, and the joints were perfectly 
air tight. 

It was thus possible to heat the apparatus to a high 
temperature to remove impurities from the quartz and 
•metal surfaces. The experiments* on the effect of the 
liigh frequency discharge in removing small traces of im- 

♦ J. S. Townsend and S. P. MacCallum, Phil. Mag. v. p, 696 (April 
1928). 
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purities from neon which have already been described, 
wore made witl this apparatus. 

The effects of small traces of impurities on the sparking 
potentials in diatomic gases have been determined by 
Meyer * and Dubois f. Many experiments on this subject 
are described in a recent paper by Prey 

2 . The arraj^ngement of the electrodes is shown in fig. 1. 
They consisted of two parallel plates A and B, 3*5 cm. in 
diain^teT, and/ a cylinder C 4*5 cm. in diameter ; a grid 
was formed "by a set of parallel saw cuts *5 mm. wide and 


Fig. 2. 



1 mm. apart in the centre of the lower plate, through which 
the ultra-violet light passed and fell on tlie upper plate. 
A tube D about 6 cm. long and 1*2 cm. in diameter was 
screwed to the base of the plate A, and a thin plate E, 
5*2 cm. in diameter, was screwed over the lower end of 
the tube. 

The ultra-violet light from the external spark gap passed 
through the tube to the grid in A, and the cylinder C was 
screened from the light by the plate E. 

* E. Meyer, Ann, de Phys, Iviii. p. 297 (1919), and Ixv. p. 335 (1921), 
+ E. Dubois, Ann, de Phy&, (9j xx. (Sept, and Oct.) 1923. 
t B. Prey, Ann, de Phys, Ixxxv. p. 381 (1928). 

3K2 
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i 

The base of the plate A was fixed to quartz rods of 
rectangular section, and the ends of the rods were fixed 
to a flange on the lower end of the cylinder C. 

The upper plate B was fixed to a spindle with a micro¬ 
meter screw of one millimetre pitch, which rotated in a 
threaded hole in the metal plate F. The upper part of the 
spindle was reduced so as to pass freely through a small 
guiding hole in the cross-piece O, which was fixed to F, 
A short rod of soft iron was fixed to the uppfer end of the 
spindle, and the distance between the plates was adjusted hy 
turning the iron rod wdth a horseshoe magnet. 

The metal plate F was mounted on two quartz rods^ 
the ends of the rods being fixed to a flange on the upper 
part of the cylinder 0. 

The four quartz rods supporting the two parallel plate 
electrodes were firmly clamped in positions adjusted so as 
to have the two plates exactly parallel. 

The distance between the plates was given by a pointer Pj 
on the scale S. The pointer was fixed to a small metal 
plate with a screw thread fitting a left-handed screw on 
the upper part of the spindle between F and G. Thus 
for one revolution of the spindle the plate B moved one 
millimetre, while the pointer moved two millimetres, so 
that the divisions of the scale were two millimetres apart 
and were easily seen through the quartz cylinder. The 
pointer Pg ’was fixed to the spindle, and the distance between 
A and B was adjusted exactly by setting P 2 in a certain 
position. 

The connexions to the plates A and B and the cylinder C 
were made with molybdenum rods through long quartz side 
tubes with lead seals. 

All the metal parts w^ere carefully cleaned and heated to a 
temperature of 500° 0. in a vacuum before being assembled. 

3. When fixed in position in the quartz cylinder the 
metal plate E rested on the quartz plate that closed the end 
of the cylinder, as shown in fig. 2. A quartz tube about 
1’2 cm. in diameter was sealed in the upper end of the 
cylinder, and led through a pair of coaxial quartz tubes U to 
the tap T. The quartz and glass tubing were connected by 
a ground joint H, which was made air tight with a hard 
elastic cement. 

The arrangement of the apparatus used to purify the gas. 
comprising a quartz tube containing copper oxide with an 
electric heater and a glass tube containing charcoal cooled 
with liquid air, has been described in the accounts of other 
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•experiments which were made in the laboratory with helium 
-and neon 

The pure gas was admitted to the apparatus through the 
tap T (fig. and it was intended to cool the tubes U with 
liquid air in order to prevent impurities from diffusing 
into tlm tap. This, however, was not found to be of much 
ndv^antage. If charcoal is used in the tubes the neon is 
slowly absorbed when the tubes are cooled, so that in 
making experiments at different pressures time is wasted 
in waiting for the pressure to become steady. Without 
charcoal there is no appreciable change in the electrical 
properties for one or two days, when the tubes are kept cool 
with liquid air. When the tubes were not cooled a small 
change was observed after the gas had been five or six hours 
in the apparatus, but the amount of impurity was so small 
that it could be completel}^ removed in less than one minute 
by a high frequency discharge in the upper part of the 
cylinder. This method of purifying the gas was found to 
be effective in removing the amount of impurity that 
accumulates in the gas after being one or two days in the 
apparatus. 

4. The calculations of the ionization coefficients a and /S 
are greatly simplified when the sparking potential V is 
known in terms of the product of the gas pressure p and 
the distance S between the plates. 

A battery of small accumulators was used to determine 
the potentials with a potentiometer to adjust the potential 
to one fifth of one volt. The connexions to the plates were 
made through high resistances with a galvanometer in one 
of the lines. The cylinder C may be insulated or connected 
to a point of the battery where the potential is nearly mid¬ 
way between the potentials of the plates. The current in 
the gas was observed eirher by the galvanometer or by the 
giow’^ in the gas which was seen through a narrow slit in 
the cylinder C. A set of measurements were made with the 
plates 5 mm. apart and with 36 different pressures of 
the gas from 1*8 to 62 mm. The experiments were made 
with different specimens of pure gas within one or two 
hours after the gas was admitted to the apparatus. In these 
cases no change was observed in the sparking potential after 
the high frequency discharge was passed tlirough the gas 
in the upper part of the quartz cylinder. The same 
values of V were obtained, generally wdthin half a volt, with 

* J. S. Townsend and 0. M. Fochen, Phil. iSlag. ii. p. 474 (August 
1920) ; H. G. L. Huxley, Phil. Mag. v. p. 721 (April 1928). 
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other specimens o£ gas that were used in the course o£ the 
investigations. The results o£ these experiments are given 
by the curve (fig. 3), where the ordinates are the values 
o£ V in volts^ and the abscissae the product o£ the pressure p 
and the distance S between the plates. 

The experiments which have been quoted ^ in describing 
the effect o£ the high frequency current in removing 


Fig. 3. 



V = sparking potential in neon in volts. 
p = pressure of gas in millimetres. 

S = distance between the plates in centimetres. 


impurities £rom the gas, indicate the degree o£ accuracy 
that may be obtained in measurements of the sparking 
potentials with different specimens of the gas. The results 
taken from a curve drawn on a large scale are given in 

^ J# S. Townsend and S. P. MacCallum, loc. cit. 
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Table I. for definite values of the product p x S above and 
below the point of minimum sparking potential, which was 
186 volts near the point where x S = 3. The ratio X//? = 
V/(p X S) is given in the third column of the table. 

Table I. 

Neon.—Sparking potentials for parallel plates. 


i>xs. 

V. 

x/p. 

PXS. 

Y. 

x/p. 

26 

336 

12-9 

6 

202 

33-7 

24 

325 

13-5 

5 

194 

38-8 

22 

313 

14*2 

4 

189 

47*2 

20 

301 

150 

3 

186 

620 

18 

28S 

16-0 

2-5 

187 

75 

16 

274 " 

17*1 

20 

194 

97 

14 

260 

18-6 

1-6 

' 206 

129 

12 

244 

20-3 

1*2 

236 

197 

10 

229 

22-9 

1*0 

271 

• 271 

8 

214 

26-7 





5. No change was observed in the sparking potential with 
a fresh quantity of pure gas after it had been in the 
apparatus for a few hours, but after one or two days there 
was a change of several volts. This w as due to an impurity^ 
in an amount so small that in most cases it could not be 
observed in the spectrum of the high frequency discharge. 
Occasionally a slight discoloration of the glow was noticed 
for one or two seconds after the discharge vras started, but 
the discharge acts so quickly in removing the impurity that 
after about half a minute all traces disappear and the 
sparking potential is brought back to the value obtained 
with the pure gas and remains at that value for two or three 
hours. 

The high frequency discharge thus provides a simple 
means of removing small traces of impurities, and the gas 
used in an experiment may be tested by finding the sparking 
potential before and after a high frequency discharge is 
passed through the gas. 

As a rule the tubes U w^ere not cooled with liquid air, and 
no experiments were made with gas that had been in the 
apparatus for moi'e than two days, as the impurity is not 
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completely removed by the high frequency discharge when 
it, is allowed to accumulate for Jong periods. In these cases 
the quartz cylinder was heated and the gas was pumped out 
while the apparatus was hot, and washed out once or twice 
with pure gas before making measurements. 

It is necessary to have gas at a considerable pressure, 
about 10 or 20 mm., in the apparatus when the quartz 
cylinder is heated, in order to conduct the heat to the 
electrodes, otherwise some impurity may be driven on to the 
electrodes. 

When these precautions Avere observed very consistent 
results were obtained. The experiments were frequently 
repeated with different specimens of gas, and there was no 
disagreement in the results greater than the errors that 
occur in measuring the electrometer currents or in reading 
the pressures with ordinary gauges. 

6. In dotermiiiing the photoelectric currents, the upper 
plate was connected to an electrometer with a set of con¬ 
densers of small capacity to form an induction balance in 
order to maintain the plate close to the zero potential while 
the current was flowing. The lower plate was connecited 
to the positive terminal of a battery of small accumulators, 
the negative terminal being connected to earth. The 
cylinder C was maintained at a fixed potential by con¬ 
necting it to earth or to, a point of tlie battery where the 
potential was less than hall that of the lower plate. 

The photoelectric currents n were measured with a con¬ 
stant electric force X and different distances a; between the 
plates. The electrons set free from the upper plate by 
ultra-violet light from an external spark gnp acquire energy 
as they move in the direction of the electric force, and after 
a certain point the atoms of the gas are ionized and the 
current increases continuously with the distance .v. This 
effect takes place gmdually, and there are no points at 
which the current changes abruptly until the sparking 
distance S corresponding to the force X is reached. 

The initial stages of the process of ionization by collision 
may be observed with a force of 100 volts per centimetj'c 
and distances from 2 to . 7 mm. between the plates. With 
this force the largest increases in current are obtained 
with a pressure of about 2*5 mm. In this case [p = 2*5, 
X = 100] the increase in current is about one per cent, 
of no [the number of electrons set free per second by the 
ultra-violet light] when the plates are 2 min. apart, and 
the potential of the lower plate 20 volts, but the current 
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<loes not attain the value 2 ?Jo ^niil the plates are about 7 mm. 
apart where the potential is 70 volts. 

For a given value o£ the ratio o£ the electric force X 
to the gas pressure p the ratio nfuQ depends only on the 
potential ^ x X, and for each value o£ the ratio X/jt? 
the currents may be represented in terms o£ the potentiate 
by a curve. 

The curve corresponding to the case where X/p = 30 is 
given in fig. 4, the ordinates being the currents n and the 
abscissae the potentials X X x in volts, the ordinate corre¬ 
sponding to 71 q being taken as 10. Thus, i£ the force were 



ZO 40 60 80 


Xxx 

Photoelectric currents in neon [X/p = 30]. 
X in volts per centimetre, x in centimetres. 


100 volts per centimetre and the pressure 3*3 mm., the ratio 
nhiQ would be 1*8 when the plates are 6*3 mm. apart and 
the potential 63 volts. 

The rate of increase o£ the current in the initial stages^ 
where ??/% is less than 2 for different values of the ratio 
X/p, is indicated by the ratios N 6 /N 2 given in Table II. 
The current Ng was obtained with plates 2 mm. apart and 
the poteniial 20 volts, and Ng with plates 6 mm apart 
and the potential 60 volts with the gas at different 
pressures p. The ratio X/p is given in the last column 
of the table, X being 100 volts per centimetre, and p the 
pressure in millimetres o£ mercury. 
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Table II. 


X = 100 volts per centimetre. 


p- 

Ne/N,. 

XIp. 

P- 

Wg/N,. 

x/p. 

7*35 

1*43 

13*6 

1*61 

171 

62 

6*50 

1*48 

16*4 

1*165 

1*60 

86 

5*54 

1*54 

18*1 

•772 

1*45 

129 

4-30 

1*64 

23*3 

•633 

1*38 

158 

3-32 

1*73 

30*1 

•520 

1*30 

192 

2*30 

1*78 

43*5 





7. When the electrons have traversed a certain distance 
x' in the direction of the electrical force the currents 
obtained with a constant electric force and a constant gas 
pressure are given in terms of the distance x between the 
plates by the formula 

_ no(a—. 
a —.^ ^ 

for distances from x' to S, where S is the distance at which 
a spark is obtained. 

Within this range the electrons and positive ions attain a 
steady motion, in which « and /3 are constant and inde¬ 
pendent o£ X, The lower limit is greater than the 
distance S that occurs in the formula, but it is not a sharply 
defined point and it depends on the pressure of the gas. 

If 2 mm. be taken as the shortest distance between the 
plates at which the currents are measured, the values of n 
are in agreement with the above formula for the range of 
distances from x =^‘2 to a; = S, with pressures greater than 
1*5 mm., when the electric force is 350 volts per centimetre. 
Somewhat smaller pressures may be taken with smaller 
forces, but i£ the pressure be reduced to one millimetre the 
currents with the plates 2 mm. apart are not in accordance 
with the formula, even with forces as low as 250 volts per 
centimetre. 

In order to obtain the constant values of a and the 
plates must be at distances such that the product pxx 
greater than *3. 

In neon there is no considerable range of distances where 
the current is given approximately by the formula 
which shows that the coefficient ^ is not very small com¬ 
pared with a. With this gas the simplest method of finding 
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«//> and filp in terms of X/p is to determine (« —jS) and the 
ratio from measurements of the currents. 

Equation ( 1 ) may be written in the form 

” ~ l+y—ye(a-p){x-S) ’ • • • • ( 2 ) 

where and since njn^ is infinite when x is the 

sparking distance S, the following relation between h and S 
is obtained : 


(l + 7 )€(— 
so that equation ( 2 ) becomes 

” “ ^ g(<.-e)(8_r)_ \.(3) 

This equation shows that (a—/ 8 ) may be found from 
measurements of the ratios of the currents but in order 
to determine 7 it is necessary to determine the ratio nfriQ of 
a current n in the range from x' to S to the current due 
to electrons set free from the negative electrode by the 
ultra-violet light from the external spark gap. 

8 . Let riaj rth^ ric be three currents obtained with a con¬ 
stant electric force X and constant pressure p, with the 
distances a, b, and c between the plates where ( 6 —a) = 
((; — 6 ). Three equations are thus obtained, from which ?io /7 
and S, which occur in equation ( 3 ), may be eliminated and 
the following formula for (a— 5 } is obtained : 

g(a-/3)(o-6) _ .^ 2(^1 — ^) M \ 

(.72-1) '. 

wdiere yi is the ratio nj^hia and the ratio ricjni,. 

In one set of experiments the currents were 

determined wdth the distances 2, 4, and 6 mm. between the 
plates, the electric force being 250 volts per centimetre and 
the gas at pressures from V 7 to 7*4 mm. The results of the 
experiments are given in Table III., (a—^ 8 ) being obtained 
by equation (4) from the ratios 194/912 and ^ 6 /^ 4 * 

The figures in the second and third columns show that the 
process of ionization represented by the coeflicient has a 
marked effect even at the distance of 4 mm. between the 
plates, since the ratios ^ 0 /% considerably greater than 
the ratios ^ 14 / 712 * Since the steady motion in which a and & 
are independent of x is not attained in the distance x s= *2 
with pressures less than 1*6 mm,, it is necessary to increase 
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Table III. 



X = 

250 volts per 

centimetre. 



nju^. 


et — 0 

' 

X 

P' 

1*7 

2*18 

266 

1-87 

147 

2*07 

2-29 

3-03 

1*58 

120 

2*40 

2-42 

3-40 

1*46 

304 

4*0 

2*51 

3-73 

•92 

62*5 

5-5 

2*41 

3-61 

•62 

46*5 

7*4 

2-36 

305 

•48 

33*8 


the electric force in order to obtain the values of (a —^)/p 
that correspond to larger values of X/p. 

The results of experiments with tbe same distances 
between the plates, 2, 4, and 6 mm., where the force X 
was greater than 250 volts per centimetre, are given in 
Table IV., ?i 4 /n 2 and being the ratios of the currents. 


Table IV. 


X. 

P- 


njiu. 

a—13 

P 

X 

P‘ 

300 

1*7 

2-50 

3-6 

2-34 

377 

300 

1-96 

2*63 

4-7 

1-87 

153 

300 

4*4 

3-22 

15*1 

*98 

68*2 

300 

6*0 

3*18 

13*0 

‘735 

50-0 

350 

3-68 

2*73 

5*3 

2*25 

208 

350 

2-05 

3*10 

9-7 

207 

170 

350 

25 

212 

2-47 

•326 

14 

350 

44 

1*50 

1*59 

*035 

8 

350 

50 

1*45 

1*48 

•031 

7 

420 

35 

2-21 

2*70 

•093 

12 

440 

44 

1*96 \ 

2‘34 

•060 

10 

176 

44 

1*13 

1*14 

? *015 

4 

no 

44 

1-31 

1*12 

?*010 

2-5 


The experiments with the gas at the pressures from 25 to 
50 mm. were made in order to obtain the values of (a—)S)/p 
corresponding to small values of the ratio X/p. In these cases 
it is necessary to have very large pressures as the forces 
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must be large in order to have large changes in the current 
when the distance between the plates is changed. A con¬ 
siderable increase in the current with the distance x is 
obtained with large pressures and small forces as shown by 
the values and nja 4 ^ in the two last experiments 

recorded in Table IV., but the values of (a—^ 8 ) deduced 
from them are not accurate, as a small error in the measure¬ 
ment of the current gives rise to a large error in (a—) 8 ). 

9. In order to show that the formula ( 2 ) gives the currents 
up to the distance S, at which a spark is obtained, the electric 
force was increased so that at the distance c, X x c is the 
sparking potential V. In this case go and equation (4) 

becomes 

. 

(6 — a) being equal to (c—/>) as before. 

The last experiment recorded in Table III. where the 
])ressure was 7*4 mm. may be taken as an example to show 
that the same value of — is obtained over the range of 
distance from a?=*2 to x = '8. With this pressure the 
sparking potential is 200 volts when the plates are 8 mm. 
apart, the electric force being 250 per cm. as in the measure¬ 
ments of the currents Wg, n 4 , and 

Thus accoi'ding to equation (5), (<%—/3) is obtained by the 
relation 


= —l = 2 - 0 n, 

and from the ratios ^ 4/^2 ^i^d ?iQ/n^ equation (4) gives 


^(a~jS)x-2_ 


0±4£'L3 — 1 _) X = 2-02. 

(ng//)4 — 1 ) ??4 


In most of the experiments in which X x c was taken as the 
sparking potential the values of X/p were not the same as 
those in the above tables. 

Ill one set of experiments the currents ?ig and were 
measured with the plates 3 mm. and 5 mm. apart and the 
force adjusted to the value V/*7, V being the sparking 
potential with the plates 7 mm. apart as given by curve 1. 
The results of these experiments are given in Table V., the 
values of (a—/3) being obtained by the formula (5). In 
this table p is the pressure of the gas in min., V the 
sparking potential in volts corresponding to the product 
p X S = ‘7 xp, and Xlp=zY/Q7 
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It will be noticed that ng/ng is nearly constant (about 3*2) 
in these experiments where the currents and are 
measured at the distances 3 S/7 and 5 S/7, the number 
2 S(a—y3)/7 as obtained by equation (5) is log (2*2) and 
S(a—is thus found to be 2*76 for values of from 
13 to 53. This indicates a simple relation between the 
curves giving (a— 0)lp in terms of X/p and the sparking 

^ 2-76 

since - - ^ and 

p pxh 

XIp^YlpS. 

The results of the various determinations of (ct—) 8 )/p 
in terms of X/p given in Tables III., IV., and V., are 
shown by the lower curve fig. 5, where the ordinates 

Table V. 


potential V in terms of p x S, 



V. 


p 

X 

p* 

5 

187 

3-25 

•80 

53-5 

6*5 

191 

318 

•60 

420 

8 

198 

3-20 

•49 

35-5 

14 

227 

3‘21 

-28 

23-2 

16-4 

241 

312 

•23 

21-0 

18 

248 

315 

•213 

19*7 

27 

295 

3-19 

•145 

15-6 

37*5 

338 

318 

•10| 

130 


represent (a —) 8 )/p and the abscissae X/p. The points found 
experimentally were plotted on a large diagAm and a 
‘Continuous curve drawn through them in the ordinary 
manner. The values of {a—l3)/p for certain values of X/p 
obtained from the curve are given in Table VI., and the 
degree of accuracy may be seen by comparing the results 
with the numbers given in Tables III., IV., and V.^ 

10. The quantity y may be found by equation from 
measurements of the ratio n//?o, n being the current at a 
distance x within the range where the currents have been 
found to be in agreement with equation (3). For this 
purpose the value of n may be taken at the distance x 
between the plates where the potential difference is 60 volts 
and XX p greater than *3. The currents obtained at the 
distance 6 mm. wdth a force of 100 volts per cm. given in 
'Table II. may therefore be used to calculate 7 , 71 ^ being 
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equal to Uq (except in the experiments with the pressures 
3-32 and 2‘30 mm. where nj difEers by about 1 per cent, 
from j^o). It will be observed that the quantity (at—/8)(S—a?) 
which occurs in equation (3), may be written as the product 

^— V ^ ^ where each factor has been found in 

terms of X/p, Y, and px8 being given in terms of X/p, as 



£0 40 60 80 100 120 


V’P 

X in volts per cm.,j} in mm. of mercury. 

shown in liable II. The values of (»— /3)/p, Y, p x S, 
corresponding^ to the values of X/p given in 'Table II., are 
given in Table VI., also the values of nJtiQ. The values of 
i/ 7 = («—/8)/yS obtained by equation (3) are given in the 
last column of the table, n being the current at the distance 
X where the potential difference between the plates is 
60 volts. 

The numbers in the last column show that with a constant 
electric force X, the ratio «//8r = l 4 *l/ 7 ] increases with the 
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Table VI, 


x/p. 

V. 

pxs. 

a—P 

P 

% 

1 

7 


13*6 

325 

24 

*115 

1*43 

12*2 


15*4 

296 

19-2 

•145 

1*48 

12*1 


18*1 

264 

14*6 

•190 

1*54 

11*5 


23*3 

226 

9-7 

*275 

164 

10 


30-0 

207 

6-9 

•395 

1*75 

10*5 


43*5 

191 

4*4 

•63 

1*80 

10*2 


621 

186 

3-0 

•90 

1-72 

9*0 


86 

190 

2*2 

1*22 

1-60 

8*4 


129 

206 

1-6 

1-70 

1*45 

8*5 


158 

219 

1-38 

1-94 

1-38 

8*2 


192 

233 

1-22 

2-18 

1*30 

81 



pressure. Near the point corresponding to the minimum 
sparking potential, X/p = 62^ is approximately equal to 
a/10, thus the ratio is much greater in neon than in 
other gases. 

The values of ajp and ^jp are given in Table VII., and 
a/jo is represented in terms of X/p by the curve 2, fig. 5. 


Table VII. 

XIp. 

(a—(3) 

V 

a Ip. 

m- 

200 

2*25 

2-53 

*28 

160 

1*95 

2-10 

•24 

120 

1-60 

1*79 

*19 

100 

1-40 

1*57 

*17 

80 

115 

1*29 

•14 

60 

*88 

•99 

•10 

50 

•72 

•80 

•076 

40 

•57 

*63 

*060 

30 

•39 

•43 

•038 

25 

•31 

•34 

•031 

20 

*220 

•240 

•020 

15 

*140 

*152 

'012 

125 

•100 

•108 

•008 

10 

*058 

— 

— 

7*5 

•030 

— 

— 
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11. In order to compare the photoelectric effect of radia¬ 
tion from the gas with the effect of ionization by the 
collisions of electrons with atoms of the gas, the current i 
from the cylinder G to the lower plate A (figs. 1 and 2) was 
measured w hile the current n was flowing from the upper to 
the lower plate. In these experiments the cylinder and the 
upper plate were at zero potential and the lower plate 
maintained at a positive potential. 

It is difficult to estimate the proportion of the radiation 
from the gas that falls on the upper plate and on the 
cylinder. In neon the velocity of agitation of the electrons 
is large compared with the velocity in the direction of the 
electric forces, so that the current between the plates tends 
to spread out towards the edges, and this effect is of impor¬ 
tance in considering the points in the gas from which the 
radiation originates. An approximate calculation shows 
that with the plates 6 mm. apart the amount of radiation 
falling on the upper plate is about the same as that falling 
on the cylinder. 

The current from the lower plate to the c} linder was, in 
all cases, small compared with the current between the 
plates. The ratio i/(n—??o) increased with the distance 
between the plates, and when the distance was 6 mm. this 
ratio w^as about *01 to '015, depending on the pressure. 

Hence the photoelectric effect due to radiation from the 
gas must be small compared with the increase in conductivity 
due to the process of ionization represented by the coefficiei 
a and 

In neon the rate of diffusion of electrons is large, and as 
the main current n tends to spread out towards the 
edges of the plates some of the positive ions may movo 
along the lines of force from the lower plate to the cylinder.. 
The current between the lower plate and the cylinder, due 
to radiation from the gas, may there be much less than one 
per cent, of the increase of the current (w—Wo) between the 
plates. 

The fact that there was a small current between the lower 
plate and the cylinder shows that with the larger distances 
between the plates the current n between the plates is 
slightly smaller than it would have been if plates of larger 
diameter had been used. 

A corresponding effect was observed in finding the 
sparking potentials for different pressures and distances 
between the plates. For a given value of the product 
JO X S the sparking potentials were the same within one volt 
with the plates 4, 5, or 6 mm. apart, but with larger 
PUL Mag. S. 7. Vol. 6. No. 38. SuppL Nov. 1928. 3 L 
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distances between the plates the sparking potential increased 
with the distance. With the plates 7 mm. apart the sparking 
potentials were two or three volts greater than those 
obtained with the smaller distances for the same values of the 
product X S. For this reason the sparking potentials used 
ill these investigations were those obtained with the plates 
5 mm. apart, as given in Table I. 

12. The ratio as shown by the numbers given in 

Table VII .5 has a maximum value near the point where 
X/p=60, which is approximately the value of X/p for the 
minimum sparking potential. Thus for a given force X 
there is a certain pressure [X/60] at which ionization due to 
the collisions of electrons with atoms of the gas has a 
maximum effect. 

The number of atoms ionized per centimetre by electrons 
moving in a uniform electric field is indicated by the 
formula n = for the rate of increase of the number of 

•electrons with the distances x. On an average each electron 
ionizes one atom of the gas in moving a distance in the 
direction of the force when = 2 or a.rx=*693. Thus the 
potential required to double the current, Xxxi is ‘093 X X/a. 
The minimum value of this potential is near the point 
X/p = 60 where Xxxi is 42 5 volts. At the point X/p = 30 
the potential XxXi is 48*5, and at X/jy = 120. Xx^ is 46’2. 
The fact that Xxc^’i increases as the pressure is increased 
above the value corresponding to X/p=:60 sliows that the 
loss of energy of electrons in collisions with atoms that are 
not ionized increases. The number of atoms which can 
radiate energy is thus increased in comparison with the 
number that are ionized, and if the process of ionization 
represented by the coefficient J3 were due to radiation the 
ratio yS/a should increase as the pressure is increased. This 
is contrary to the experimental results which show that 
increases as the pressure is diminished. With a constant 
electric force X, the ratio a/X diminishes as the pressure is 
reduced below the value corresponding to X/p = 60, and 
since the kinetic energy of the electrons increases as the 
pressure is reduced, the energy of the electrons in collisions 
with atoms that are ionized must increase. Thus as X/p 
increases the electrons acquire energy greater than the 
minimum amount required to ionize atoms of the gas. 

Taking these points into consideration the results of the 
experiments may be examined more closely by the method 
that has already been described^. In another paper we 

♦ Phil. Mag. vol. xiy. pp. 445 and 1071 (1028). 
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propose to continue the investigations on these lines and to 
compare the properties of neon and helium, when the 
experiments with helium are completed with the quartz 
apparatus. 

13. The experiments are in agreement with the hypothesis 
that the process of ionization represented by the coefficient 
is due to positive ions. It is impossible to decide from the 
determinations of the currents between parallel plates which 
of the two effects, that of ionizing atoms of the gas, or that of 
setting free electrons from the negative electrode, is the 
more important Huxley^s experiments on discharges 
between coaxial c^dinders show that with small values of X/p 
the principal effect of the positive ions is probably due to their 
actions in ionizing atoms of the gas f* The large values 
obtained for the coefficient are in agreement with Huxley^s 
experiments, which showed that the velocity of the positive 
ions increases rapidly with the electric force. 

14. There are other points in connexion with these 
experiments which are of interest in considering the 
electrical properties of the atoms of the gas. 

It cannot be supposed that the gas contained impurities in 
amounts that had an appreciable effect on the conductivity. 
Tlie effects of small traces of impurities which get into the 
neon when it is kept in the apparatus increase continuously 
and are easily detected. When impurities are present in 
small amounts (which may not be observed spectroscopically), 
the effect on the conductivity is proportional to the amount 
of the impurity. For example, if u change of 2 volts were 
observed in the sparking potential after the gas had been 
5 hours in the apparatus, a change of 4 volts was observed 
after 10 Lours. Similar continuous changes are obtained in 
the values of the coefficients ot and yS. The fact that the 
impurities may be removed by two completely different 
methods which bring the gas to a state in which the same 
definite values of the sparking potential and of each of the 
coefficients ot and /8 is obtained, shows that these coefficients 
are as characteristic of the pure gas as the lines of the 
spectrum. 

In general it is difficult to determine the amount of an 
impurity required to produce a given change in the electrical 
properties of a monatomic gas. 

With neon at a few millimetres pressure a very large 

* ‘ Electricity in Gases,’ pp. 330-332* 
t H. G. L. Huxley, Phil. Mag. v. p. 721, April (1928). 

2 Tj If 
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change is produced with mercury vapour at lO^^mnn 
pressure, and it is quite certain that gas with which the 
experiments were made did not contain mercury vapour at 
one hundredth of that pressure. 

The large efFect which impurities do produce in monatomic 
gases may be due to the fact that the velocity of agitation U 
of the electrons becomes very large in comparison with the 
velocity W in the direction of the electric force* In moving 
a distance ^ in the direction of the electric force the number 
of collisions an electron makes with molecules is Uar/W/^ 
where I is the mean free path between collisions with 
molecules. Thus the probability of collisions occurring with 
molecules which are present in small quantities increases with 
the ratio U/W, and a small nnmber of molecules which are 
more easily ionized than atoms of a monatomic gas may have 
a large effect in increasing the conductivity. 

15. The increase of conductivity due to ionization by 
collision is easily observed even when an electron collides 
with many atoms of the gas, as it moves in the direction of 
the electric force. With the gas at 44 mm, pressure, and 
the force 110 volts per centimetre, there is a 10 per cent, 
increase in the current when the distance between the 
plates is increased 2 mm. as shown by the figures in the last 
experiment recorded in Table IV. 

The value of X/p in that experiment is about the same as 
in the luminous column of an electrodeless discharge in a 
tube 4 cm. in diameter with the neon at 1 mm. pressure. 
In this case the red lines of the spectrum are very intense, 
and the colour of the luminous column is a brilliant red. 

The value of X/p in electrodeless discharges may be 
increased either by reducing the pressure of the gas or by 
reducing the diameter of the tube. Whichever method be 
adopted it is found that the colour of the discharge gradually 
changes from red to yellow. Hence the number of collisions 
which excite radiation in the red end of the spectrum 
diminishes in comparison with those which excite radiation 
of shorter wave-length, as X/p increases, or, as the kinetic 
energy of the electrons increases. 

Thus with the smallest forces and largest pressures with 
which currents may be obtained, the energy of the electrons 
is not limited by critical properties of atoms to a value near 
the first resonance potential, which would prevent them 
acquiring energy in such amounts as are required to excite 
radiation in the visible spectrum or to ionize atoms of the 
gas. 
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Since the electrons acquire these amounts of energy when 
the ratio X/jt? is as small as 2*5, they must acquire energy in 
amounts much greater than that represented by the minimum 
ionizing potential when the pressure is reduced and X/p is 
increased to values of the order 10, or 20. 

The experiments on the determination of the sparking 
potentials with the parallel plates show that the processes of 
ionization which maintain continuous currents sufficiently 
large to produce a luminous effect which is easily seen in 
the gas, are the same as those determined by the coefficients 
a and )6in the experiments with small photoelectric currents. 
The small continuous currents of the order 10“^ ampere 
which are obtained with a battery of accumulators are main¬ 
tained with the potential difference of X x S where S is the 
value of w for which the denominator of the fraction in 
equation 3 becomes infinite. 

Thus the process of ionization represented by the co¬ 
efficients a, and supply electrons at the rate which is 
required to maintain a continuous current of the order 
10”^ ampere, and the collisions of the type which produce 
luminosity in these discharges must be supposed to occur 
also in the photoelectric currents*. Hence in all cases, 
however small the ratio X/p, the electrons acquire sufficient 
energy to ionize atoms of the gas and to cause atoms to 
radiate the long-waved light at the red end of the spectrum. 

16. The sparking potentials have also been determined for 
helium with the improved form of apparatus in the quartz 
cylinder. As in neon, the sparking potentials were higher 
in the pure gas than in the gas with small traces of impurities, 
and the impurities are removed by the electrodeless discharge. 
The sparking potentials in pure helium are given in 
Table VIII. in terms of the product pxS, the minimum 
potential being 223 volts near the point where 3 t?xS=4. 


Table VIII. 


JPXS.... 

... 1*6 2 3 4 5 6 

8 

12 

16 

V. . 

.. 360 280 230 223 225 232 

249 

287 

324 

V=sparking potentials in kelinm in volts. 

S— distance between the plates in cm. 
jo=pressure of the gas in mm. 


* ^ Electricity in Gases,’ p. 428. 
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These potentials are nmch higher than those fomid in 
earlier experiments. The method which was usually 
adopted to detect impurities, with a spectroscopic tube, is 
not sufficiently sensitive to indicate small traces ot impurities 
which may have a considerable effect on the sparking 
potentials. 


LXXXVII. The Crystal Structure of CUgAl^. (S Copper— 
AluminiumBtj Dr. A. J. BkADLEY 

[Plate XV.] 

alloy system Cu-Al has been investigated thermally 
JL and microscopically by several independent investi¬ 
gators. The most recent work is that of Stockdaie t, who 
has also made a special study of the alloys rich in copper J. 
X-ray methods have been employed by several workers §, 
the most complete investigation by this method being that of 
Jette, Westgren, and Phragmen |1. The results obtained by 
the latter do not entirely agree with the equilibrium diagram 
proposed by Stockdale for alloys with between 16 and 30 per 
cent, of aluminium. We have recently made an examination 
of some alloys in this range, which confirms neither of the 
above results, but corroborates the results of further w^ork^ 
done recently by Westgren and Phragmen, and communi¬ 
cated privately to us. 

The most important point settled by this recent investiga¬ 
tion is that Stockdale’s S-phase actually only extends over 
the range betw’^een 16 and 19 per cent, of aluminium. 
Beyond 19 per cent, of aluminium the photograms become 
rather difficult to interpret, and it was evident that tlie most 
satisfactory way to tackle the problem was to start by deter¬ 
mining the way the atoms were arranged in the 3-phase^ 
with between 16 per cent, and 19 per cent, of aluminium. 

The clue to the crystal structure of the S-phase is given by 
the close resemblance betw^een the pbotograms of this phase 
and those obtained from alloys of copper and zinc containing 
between 61 and 69 per cent, of zinc. Tlie siructure of the 

^ Communicated by Prof. W. L. Bragg. F.Il.S. 

t Journ. Inst. Metals, xxxi. p. 275 (19^4). 

J Journ. Inst. Metals, xxviii. p. 273 (1922). 

§ Owen h Preston, Prnc. Phys. Soc. Bond, xxxvi. p. 14 (1923); Jette,. 
Westgren, & Phragmen, Journ. Inst- ^Metals, xxxi. p. 193 (1924). 

11 Loc, cit. 
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latter alloys was found by Bradley and Thewlis and in 
the present paper an attempt has been made to trace out the 
relationship between the two structures* 

Data. 

Jette, Westgren, and Phragmen {loc. cit,) obtained single 
crystals of alloys with 16 per cent, of aluminium, large 
enough to use for a Laue photograph. This showed that the 
crystal symmetry was cubic, the class being T^, O, or 0\ 

We have taken powder photograms of various alloys within 
the range 16~19 per cent, aluminium, and find that all the 
lines fit in with the assumption that the structure is cubic. 
The results obtained from two photograms are given 
below, in Table I. Oopies of these photograms are shown 
in PI. XV. together with a film of copper-zinc taken 

Table T. 


Alloy A. Alloy B. 


2/^2. 

Kadia- 

tioii. 

sin® 9 
Ohs. 

sin®0 

Caic. 

—N 

Inten¬ 

sity. 

sin® 9 
Oba. 

sin® V 
Calc. 

Inten¬ 

sity. 

5 

Ka . 

. *039 

*039 

m.-\Y. 

•039 

•039 

m.-w. 

() 

Ka . 

. -047 

*047 

nj. 

•047 

•047 

III. 

9 

Ka . 

. *071 

•071 

m. 

•070 

•070 

m. 

12 

Ka . 

. *095 

*094 

w. 

•093 

•094 

w. 

U 

Ka .... 

. -Ill 

*110 

w. 

•109 

•109 

w. 

18 

Ka . 

. *141 

•141 

Y.V.St. 

■140 

•141 

v.v.sfc. 

22 

Ka .... 

. -174 

•172 

111. 

•172 

•172 

m. 

24 

Ka .... 

. *189 

•189 

in. 

•187 

•188 

m. 

26 

Ka ..... 

. *20.*) 

•204 

w. 

•202 

•203 

w. 

27 

K« . 

. *213 

'212 

w. 

•211 

*211 

w. 

29 

Ka . 

. *228 

•227 

v.w. 

•227 

•227 

v.w. 

aa 

Ka ..... 

. *260 

* 2.59 

v.w. 

•259 

•258 

v.w. 

36 

Ka . 

. *284 

•282 

v.st. 

•281 

• *281 

v.st. 

38 

Ka . 

. *299 

•298 

w. 

•298 

•297 

w. 

41 

Ka . 

. *323 

•321 

v.w. 

•3*20 

•320 

v.w. 

42 

Ka . 

. *331 

•329 

v.w. 

•329 

*328 

v.w. 

46 

Ka . 

. *362 

•3(io 

m. 

*360 

•360 

w. 

48 

Ka _ 

. -378 

•376 

m. 

•375 

'375 

m. 

oO 

Ka . 

. *393 

•392 

m. 

•391 

•391 

w. 

52 

Ka .. . 

. *408 

•407 

v.w. 




54 

Ka . 

. * 4:4 

•423 

v.st. 

•422 

•422 

v.st. 

56 

Ka .... 

. *441 

•439 

w. 




62 

Ka . 

. *48/ 

•486 

v.w. 




66 

Ka .... 

. *518 

•517 

st. 

•515 

•516 

st. 


-- Ju. 


* Pioc. Boy. Soc. A, cxii. p. 678 (1926). 
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Table I* {cont.^. 




AiiiiOY A. 



Alloy B. 
















„„ Badia- 
• tion. 

sin* 9 

sin* 9 

Inten- 

sin® 9 

sin® 9 

Inten- 

Obs. 

Oalc. 

sitj. 

Obs. 

Gale. 

sity. 

68 Ka .... 

.. -534 

•533 

w. 

•631 

•531 

w. 

70 Ka .... 

.. *550 

•548 

v.w. 

•646 

•647 

v.w. 

72 Ka .... 

.. *566 

•564 

st. 

•662 

•563 

m. 

74 Ka .... 

.. *581 

•580 

v.w. 

•578 

•578 

v.w. 

76 Ka .... 

.. *596 

•595 

w. 

•594 

•694 

v.w. 

78 Ka .... 

.. *612 

•611 

w. 

•609 

•610 

v.w. 

81 Ka .... 

.. *634 

*636 

v.w. 




82 Ka .... 

. *642 

•642 

v.w. 




{£: 

.. -704 
.. -708 

•704 

•707 

m. 1 

in. / 

•704 

•703 

m. 


.. *767 

•767 

m. 

•764 

•764 

in. 

.. *771 

•770 

m. 

•765 

•765 

m. 

102 { £- 

.. *798 

*798 

m. 

•795 

•795 

m. 

. *802 

•802 

ua. 

•800 

•800 

m. 

104 {:::: 

.. *814 

.. *818 

•813 

•818 

v.w. 

v.w. 




106 { 

.. *8*29 

•829 

v.w. 




.. *833 

*833 

v.w. 




108 {£: 

.. *845 

•845 

m. 

•842 

•842 

m. 

.. *849 

*849 

m. 

•846 

•847 

m. 

110 { £: ;;;; 

.. *860 
.. *865 

•860 

•865 

v.w, 

v.w. 




114 {IZ 

.. *892 

•892 

st. 

•889 

•889 

st. 

.. *896 

•896 

st. 

•894 

•894 

m. 

117 {£: 

.. *915 
.. *920 

•915 

*920 

v.w. 

v.w. 




118 {Iz ■■■■ 

.. *923 

•923 

w. 




.. *927 

•928 

w. 




120 {fai 

.. *938 

•938 

st. 

•936 

•936 

st. 

.. ‘943 

*943 

m. 

*941 

•941 

m. 

122 { kZ 

.. *954 

•954 

in. 




.. *959 

•959 

w. 





for comparison. In each case tlie radiation employed was 
obtained from a liot cathode tube with a copper anticathode, 
the /S-radiation being cut off by the use of a nickel screen. 
Only one /S-line can be observed on each film, corresponding 
to the strongest a4ine. At the ends of the photograms the 
a-doublet is clearly resolved. Only measurements from lines 
which are resolved have been used for the determination of 
the lattice dimensions. By this means it has been possible 
to get a high degree of accuracy in these calculations. 



































Crystal Structure of 881 

The number of atoms per unit cell was found to be the 
same in the copper«aluminiuin structure as in the copper-zinc 
structure, nameW, 52. The data from which this figure was 
•obtained are given in Table II. 

Table II. 


Kadia- 

sin^ 6 

Length of 

Density. 

Per cent. 

Mean 

Atoms per 

tion. 


Unit Cell. 

Al. 

At. Wt. 

Unit Cell. 

CTi 

•007821 

8*691 ] 

6*74 

17-85 

51-:i6 

52*3 

^2 

*007860 

8*691 j 






•007799 

8*704*1 

6*64 

18-66 

50-81 

52*2 


•007741 

8*703 J 






sin^^ 


The values of shovrn above, are the mean of all 

values from the lines where the a-doublet is resolved. 


Derivation of the Structure of S Cu—A1 from the 
7 Cu—Zn Type, 

The similarity between the copper-aluminium and copper- 
zinc pbotograms, which has been pointed out by Westgren 
and Phragmen, is so great that there can be no doubt that 
the structures are very closely related. The differences are, 
however, sufficiently marked to show that the structures are 
not quite the same in every respect- By carefully studying 
the difference it has been found possible to assign a structure 
to h Cu—A1 by a slight modification of the copper-zinc struc¬ 
ture. The structure so obtained has the requisite symmetry 
shown by the Baue photograph. Starting out from the 
assumption that the structure of S Cu-Al is based on the 
7 Ca-Zn type of structure, a variety of possible modifi¬ 
cations suggest themselves. A choice between these 
possibilities has been made, taking the intensities of the 
lines as the sole guide for this purpose. The validity of 
the structure ultimately found rests on the excellent way 
in which it explains the observed intensities, including the 
differences in intensity of corresponding lines on the copper- 
alumhiium and the copper-zinc photograms. 

The 52 atoms in the unit cube of the copper-zinc type of 
structure are divided among four groups of structurally 
equivalent atoms, which may he called A, B, C, and D atoms 
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respectively. There are eight A atoms, eight B atoms, twelve 
C atoms, and twenty^four D atoms. The A and D atoms 
are zinc, the B and C atoms are copper, so that that there are 
32 zinc atoms and 20 copper atoms. The relative proportions 
of the two constituents in the copper-aluminium alloy is quite 
different, thei'e being about twice as many copper atoms as 
aluminium atoms. The distribution o£ the atoms in 3 Cu~Al 
must therefore be quite different from that in the y Cu-Zn 
alloy. 

This fact gives a possible explanation of the differences in 
the intensities in the photograms of the two alloys. The 
pbotograms differ in two ways. The relative intensities of 
the lines on the 7 Cu-Zii photogram are not in every case 
the same as those of corresponding lines on the S Cu-Al 
photograms. There are, moreover, some additional lines on 
the (Ju—A 1 photograms which, for the most part, belong to 
planes with odd, indicating that the unit cube is 

primitive and not body-centred, as in the case of 7 -brass. 

These intensity changes cannot be accounted for by sup¬ 
posing that the positions of the atoms have suffered a slight 
displacement, the effect of which would be to produce a slight 
change in the least deviated reflexions and a much larger 
change in the most deviated refl(‘xions. This is just the 
reverse of what one observes. It is therefore safe to conclude 
that the atoms, as a whole, occupy almost identical positions 
in thetuo alloys. The intensity changes must be ascribed 
to the differences in the distribution of atoms of the two 
species, and they can therefore be utilized in order to find 
how the copper and aluminium atoms are distributed. 

The first condition imposed by the reflexions is that the 
unit cube of h Cu-Al must be primitive. In order to see 
how this change from the 7 Cu-~Zn type can be brought 
about, it is only necessary io consider what arrangement is 
responsible for the 7 Cu~Zn structure being body-centred. 
The 7 Cu-Zn structure is body-centred because there is for 
every atom with coordinates .r y z, a corresponding atom wdth 
coordinates x + \ y hi and each of these pairs of atoms 

is of the same kind. If they were of different kinds the unit 
would be primitive. Thus the unit cube of the (^u-Al struc¬ 
ture will be primitive, provided that, in at lea^t one of the 
four groups of atoms, an atom with coordinates x y z is 
aluminium and an atom with coordinates y-¥\ z ^ J 

is copper. In other words, each group of atoms. A, B, O, D, 
may itself consist of two structurally independent sets of 
atoms. There are, therefore, eight possible independent sets 
of atonis in the S Cu~Al structure. 
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Assuming that the coordinates o£ the atoms in the copper- 
aluminium structure are the same as those in the copper-zinc 
structure, the 52 atoms of the S On—Al structure can bo 
divided into eight sets of atoms with the coordinates shown 
in Table III* This division of the atoms is the only one 
consistent with the observed symmetry, and no other 
arrangement based on the 7 Ou—Zn type is possible for 
S Cu-Al. 

From Table III. it is seen that the 52 atoms of the unit 
cube of Ou—Al may be divided into 4 A^ atoms, 4 A 2 atoms, 
4 B] atoms, 4 B 2 atoms* 6 Ci atoms, 6 C 2 atoms, 12 atoms, 
tind 12 D 2 atoms* A detailed examination of the differences 

Table III. 

The Coordinates of the Atoms in B Cu—Al* 


A atoms. 

Subgroup 1. 

{a a a), {a —a —a), {~a a — «), {-a —a a). 

Subgroup 2. 

(l+t? (#—a i—co), (h~(^ 

B atoms. 

Subgroup 1. 

—f) —.//), ( — h b b), (b —h h)^ {h h —h). 

Subgroup 2. 


0 atoms. 

Subgroup 1. 

(^0 0), (-^*0 0), (OcO), (0 {0 0c), (0 0 ~c). 

Subgroup 2. 

(4+rOO), (i-cOO), (Oi+cO), (Oi-cO), {0 0i^e\ (OOJ-c). 


D atoms. 

Subgroup 1. 

{dde\ {d -e), (^dd -e), (-</ -~d e), 

{d e d), {d --e —{ —<^ e —d), {~d —e d). 

{e d d)^ {e —d ~d), ( — e d -^d), {—e —d d). 

Subgroup 2. 

{^+d i+d (i.^d (^^di+di-e), ii^di-di^e). 

(l+f? f ~<j ^—d), (i-^d ^-i-e -|—<>, (i—« i-hd). 

(j^g^^di-hd), (^.i-e^-di^d), (i-e ^+d i-d), Q^e^-^di+d). 

«=: 0 * 103 , />=0-16^ d:=:0':30^, €=0*04,. 
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between the On—A1 and the Cii—Zn photograms enables us 
to find out which of these atoms are copper and which are 
aluminium. 

There are nine different ways in which the atoms may be 
distributed with approximately the given proportions of 
copper and aluminium atoms. These are tabulated below. 


Table IV. 

Possible Ways of placing the Aluminium Atoms 
in h Cu-Al. 

(a) With 15'9 per cent, aluminium. 

(1) 4 Ai, 4 A„ 4 4 

(•2) 12 Di, 4 A,. 

(3) 12Di, 4A,. 

(4) 12 D„ 4 Bj. 

(5) 12 Di- 4 Bj. 

(6) 6Ci, 6C„, 4A.. 

(7) C. Oi, 6 O.,, 4 B,. 

/)) With 18'4 per cent, aluminium. 

(8) 12 r>j, 6 Cl. 

(9) 12Di, 6C,. 

A detailed examination of the nine possible solutions is 
given below, in which it is shown that arrangement (3) 
is the only possible solution. 


Method of JElimination, 

The possible solutions based on the 7 Cu-Zn type of struc¬ 
ture fall into three classes, according to the degree in which 
they fit in with the observations. In the first place, solu¬ 
tion ( 1 ) can be ruled out without any detailed consideration, 
since it is a body-centred arrangement, which would give no 
reflexions from planes with h-^k-tl odd. The remainder 
require fuller treatment, but, with the exception of (3) and 
( 4 ), only reflexions from planes with h-\-k-rl odd need be 
considered in order to show that these solutions must 
be rejected. This greatly shortens the arithmetical work 
and only leaves (3) and (4) for a final detailed treatment. 


Table V. gives the calculated values of 


NS" 

2/1" 


for a number 


of planes with low indices with hd-kd-l odd. For these 
calculations we have taken the scattering power of each 
atom to be proportional to its atomic number, so that if 
Cu + Al = l, Ou-Al=0-38, and 2 Cu = l-38, 
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The structure amplitudes for planes with h^k-^l odd are 
as follows :— 

A atoms, 

S — = (4 cos ha cos ha cos la —4i sin 1 ia sin hamn la) (X^—* 
B atoms, 

S (4 cos hh cos kh cos Ih -f 4i sin hb sin kb sin lb) (X^—Yb) . 

C atoms, 

S= (2 cos /ic 4 - 2 cos kc-{-2 cos Ic) (Xc—Yc). 

D atoms, 

S = (4 cos hd cos kd cos ~4i sin hd sin kd sin le 
4 - 4 cos hd cos ke cos Id —4z sin hd sin ke sin Id 
+ 4 cos he cos kd cos Id 4i sin he sin kd sin Id) (Xb—Y®) * 

X and Y are numbers proportional to the scattering powers 
of the atoms in the respective sub-groups. Hence, it atoms 
in corresponding sub-groups {e* g. both Ai atoms and A^ 
atoms) are of the same kind, they contribute nothing to the 
value of S, but if the first set were copper and the second 
set aluminium, there might be a difference effect giving rise 
to a reflexion. 

Table V. 



Observed 

Intensity. 





NS* 





3 . 


(1) 

(2) 

10 

(3) 

2 

(4) 

2 

(o) 

12 

(6) 

2 

(7) 

3 

(8) 

8 

(9) 

13 

5 . 

in. 

— 

3 

10 

11 

3 

1 

1 

5 

8 

9 . 

... m. 

— 

12 

23 

19 

21 

2 

4 

39 

4 

11 . 

.... — 

— 

5 

— 

2 

5 

1 

— 

3 

1 

13 . 

.... — 

— 

1 

0 

— 

4 

— 

1 

1 

7 

17 . 

.... — 

_ 

2 

1 

2 

— 

2 


— 

— 

19 . 

.... — 

— 

— 

4 

3 

1 

1 

1 

4 

1 

21 . 

_ — 

— 

4 

1 

2 

6 

1 

2 

8 

I 

25 . 

.... — 


4 

— 

4 

3 

1 

1 

1 

3 

27 . 

_ w. 

— 

4 

7 

6 

3 

1 

2 

8 

5 

29 . 

.... v.w. 

— 

— 

4 

2 

1 

1 

— 

1 

2 

S3 . 

— v.w. 

— 

11 

10 

9 

14 

1 

1 

12 

IS 

35 . 

_ — 

.—, 

7 

2 

7 

3 

— 

— 

2 

4 


Table V. shows clearly that only solutions (3) and (4) arc 
possible. In order to decide between these two possibilities,. 
















>886 Dr. A. J. Bradley on the 


we require to consider the intensities of jilanes for \Nliich 
h-i-k-rl is even. In these cases S is ^iven by the same 
formula as above, but X —Y is replaced by X +Y. Table VI. 


gives the calculated values of 


NS^ 


, for the two possible solu¬ 


tions. In each case the value of line 18, the strongest line 
on the film, is put as 100. It seems that column 5 is in 
somewhat better agreement with the observed intensities than 
column 6 , so that solution (3) is indicated as the true 
structure. 

No attempt has been made to get a more accurate evalua¬ 
tion of the parameters, because the good agreement already 
obtained between the observed and calculated values indicates 
that the parameters of the copper-zinc structure are very 
closely adhered to, and with eight parameters to fix, a more 
accurate evaluation would be very difficult. 

The observed and calculated values of the copper-zinc 
intensities are given in Table VI. for compaidson with the 
values for copper-aluminium. This table may be compared 
with the copies of the photograms. It is evident that the 
differences in ihe distribution of the atoms in the two alloys 
completely account for the differences in the photograms. 


Descriptio7i of the Structure. 

The structure of 3 copper-aluminium containing 16-19 per 
cent, of aluminium is cubic, with 52 atoms per unit cell. 
These atoms have almost the same positions as the 52 atonus 
in the copper-zinc structure, containing 61—69 per cent, 
zinc. There are 16 aluminium atoms and 36 cop})er atoms 
in the “ ide<il’’alloy, so that it may be represented by tlie 
stoichiometric formula CogAl 4 , corresponding to a composi¬ 
tion with 15’9 per cent, of aluminium. In alloys containing 
a slight excess of aluminium, aluminium atoms appear to 
replace copper atoms in a haphazard fashion, so that there 
is no appreciable difference in character between a 16 per 
cent, alloy and a 19 per cent, alloy. 

The coordinates of the atoms are given in Table III. Tim 
copper atoms consist of 4 Ax, 4 B], 4 Bg, 6 Ci, 6 C 2 , and 
12 1)2 atoms. The aluminium atoms consist of 4 Ag atoms 
and 12 Dx atoms. The structure can be best understood if 
the two subgroups of atoms (e. g. the Ai and the A 3 sub¬ 
groups) are considered separately. Bach subgroup of atoms 
containing atoms Ax, Bx, Ox, and Dx, forms part of a^ cluster 
of 26 atoms grouped around the centre of the unit cell. A 
.similar cluster of 26 atoms, such as Ag, is grouped about the 
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Table VI. 


'^h\ 

Ou^Zn^. 


Observed 

Intensity. 

* 

Observed 

Intensity. 


I NS2 

SA* ' 





Case 3. 

Case 4. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

3 

— 

— 

— 

0-4 

0*4 

4 

— 

0 

— 

01 

0*9 

5 

— 

__ 

w.-m. 

1*9 

2*3 

6 

— 

0*6 

ni. 

39 

1*1 

b 

— 

0-1 

— 

01 

0*0 

9 

— 

— 

ni. 

4*3 

3*9 

10 

— 

0-2 

— 

0*3 

0*6 

11 

— 



0*1 

03 

12 

111. 

5-0 

\v. 

2*2 

2*5 

13 

— 


— 

0-0 

03 

14 

in. 

3-9 

w. 

1*8 

3*3 

16 

— 

0 

— 

0*0 

0*1 

37 

— 

— 

— 

0-2 

0*5 

18 

T.V.St. 

100 

v.v.st. 

100 

JOO 

19 

— 

— 

— 

0-7 

0*6 

20 

v.w. 

0-7 

— 

0*3 

0*9 

21 

— 

— 

— 

01 

0*3 

22 

in.-st. 

97 

in. 

G'9 

11*5 

24 

in. 

5’8 

m. 

7*2 

7*2 

25 

— 

— 

— 

00 

0*7 

2 G 

in. 

41 

w. 

1*9 

5*4 

27 

— 

— 

w. 

1*3 

1*2 

29 

— 

— 

v.w* 

0*7 

0*4 

30 

w. 

1*3 

— 

0*5 

0*3 

31 


08 

— 

0*5 

0*9 

35 


— 

v.w. 

1*8 

1*8 

34 

— 

10 

— 

0*2 

0 6 

35 

— 

— 

__ 

0*4 

1-4 

36 . 

st.-in. 

9*7 

v.st. 

12-7 

JO‘3 
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corners of the unit cell. Thus we have around the centre of 
the unit cube 14 copper atoms and 12 aluminium atoms; and 
around the corners of the unit cell 22 copper atoms and 4 
aluminium atoms. 

The essential difference between the S Cu-Al structure 
and the y Cu~Zn structure is that in the latter case the 
cluster of atoms at the centre of the unit is the same as that 
at the corners of the unit cell. In this way the structure of 
CusZnI is analogous to a body-centred cube, whereas that 
of CU 9 AI 4 is analogous to the OsCl type of structure. This 
relation between the two structures is shown in Table VII. 

Table VII. 


jilloy. Atoms in Centre Cluster. Atoms in Corner Cluster. 

CujZn, . Cii—4 B, 6 C. Cu—4 B, 6 C. 

Zn—4 A, 12 D. Zn—4 A, 12 I). 

CugAli . Cu—4 B, 6 C, 12 D. Cu—4 A, 4 B, 6 0. 

Al—4 A. Al—12 D. 


The structure of CU 9 AI 4 has the symmetry of the T"^ class 
like that of Cti^Zng, but the space-group is not the same, 
being Ti"^ in the former alloy, and IV ii^ the latter case. 

Summary, 

( 1 ) Powder photograms of S copper-aluminium containing 
16-19 per cent, aluminium show a cubic structure with 52 
atoms per unit cell. 

( 2 ) The space-group is Ti^, and there are eight sets of 
structurally equivalent atoms. 

(3) There are 36 copper atoms and 16 aluminium atoms 
in each unit cube, corresponding to the formula CU 9 AI 4 . 

(4) The structure is essentially of the OsCl type, each 
lattice point being replaced by a cluster of 26 atoms, 
with tetrahedral symmetry. The cluster around the centre 
of the unit cell contains a different number of aluminium 
atoms from that around the corners of the unit cell. 

(5) The coordinates of the atoms are not appreciably 
different from those in the alloy Cu 5 Zn 8 . 

The author is indebted to Prof. W. L. Bragg, P.R.S., for 
his kind interest in this work, and to the Royal Commis¬ 
sioners for the Exhibition of 1851 for a Senior Studentship, 
enabling the work to be carried out. 
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LXXXVIir. T*he Energy Losses of Electrons in Hydrogen. 
By H. Jones, B.Sc.* and R. Whiddington, M.A ,, D.Sc.y 
E.JR.S,, Cavendish Professor of Physics^ The University of 
Leeds t. 

Introduction. 

T he energy lost by an electron of determined velocity, 
suffering effective collision with a normal hydrogen 
molecule, is not to be deduced with any precision from the 
results of electron impact experiments which have hitherto 
been madef. Since the ultra-violet spectrum of H 2 has 
been successfully analysed the energy levels of the molecule 
are known with accuracy, and it becomes interesting to 
examine the relation between these and the energy lost by 
electrons of various known velocities, and also the frequency 
with which certain excitation processes occur. 

In essence the experimental method adopted consists in 
the passing of a beam of electrons through the gas under 
investigation and analysing the resulting stream by means 
of a magnetic spectrum device. As might be anticipated 
the issuing beam contains groups of definite energy, the 
determination of the energy differences between these 
groups and the relative number of electrons in each being 
the object of the experiment. No attempt was made to 
investigate the electron streams scattered in different 
directions. Only those electrons flung off in approximately 
their original direction are examined in these experiments, 
those scattered in different directions being made the subjegt 
of a separate investigation now in progress. 

Apparatus. 

The essentials of the apparatus are indicated in the 
accompanying diagram (fig. 1). Electrons from the filament 
F are accelerated towards the grid G by a suitable electric 
field and traverse the collision space included between Gi and 
a second grid Gg; thereafter the composite beam is accelerated 
again by a second suitable electric field between Gg and a 
slit system SiSg, after which the fine beam so produced is 
deflected in a uniform magnetic field before affecting the 

* Communicated by the Authors. 

t In receipt of a maintenance grant from the Department of Scientific 
and Industrial Research. 

X Franck and Jordan, ^Anregung von Quanten Spriingen durch 
Stosse/ p. 256, 

Phil. Mafj. S. 7. Vol. 6. No. 38, SuppL Nov. 1928. 3 M 
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photographic film. Since in operation the pressure in the 
collision space was usually about 10“^ mm. Hg., whilst in 
the camera it had to be kept at not more than 10“^ a fast 
working pump system was chosen, viz., a Kaye Backhurst 
steel diffusion pump backed with a Pfeiffer rotary oil pump. 
This combination is very satisfactory for rapid evacuation. 

The magnetic field across the camera was produced by two 
large coils measuring 31*5 cm. long, 23 cm. high, 15*5 cm. 
wide, separated by a distance of 9 cm. Calibration in the 
usual manner showed the field to be 22*0 gauss per ampere, 
and to be sufficiently uniform over a considerable region at 


Fi-. 1. 



the centre. On account of the comparatively high values of 
the field employed (13 gauss) and the circumstance that the 
apparatus pointed north and south, it was not considered 
necessary to compensate for the earth’s field. 

The hydrogen was admitted to the all-glass apparatus 
through the gas-inlet shown in fig. 1, and every care was 
taken to ensure the purity of the gas supplied, which, 
electrolysed from barium hydroxide in a eudiometer, 
passed via an all-metal needle valve through the collision 
space 

It was found convenient to have, in this part of the 
apparatus, the usual pontoxide tube drying arrangements, 
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the hydrogen being stored in a large glass reservoir at a 
pressure o£ a few centimetres of mercury, a liquid air-trap 
-of ample dimensions intervening immediately before the 
above-mentioned gas inlet. 

A Pirani gauge found a place on this side of the apparatus 
and proved to be particularly convenient for adjusting the 
pressure balance at any desirer! value, calibrated by reference 
to a permanently connected McLeod gauge. The Pirani 
readings were usually regarded as sufficient, but for the 
determination of the probability of excitation at high 
voltages, where a very accurate knowledge of the pressure is 
of first importance, a reading was taken directly on the 
McLeod gauge for each photograph. 

To obtain enough photographic effect with electrons of 
velocity below, say, 200 volts, it is necessary to use some 
form of suitably sensitized films. Eastman duplitized 
X-ray films washed in a solution of vaseline in ether—of 
suitable strength—were employed By sensitizing large 
sheets and cutting off the films for use across the direction 
in which the sheet had been dipped, it was possible to obtain 
films along wliose length the grease was of approximately 
uniform density. The necessity for the application of 
grease (or any fluorescent substance) must always make the 
comparison o£ intensities of widely different parts of the 
film somewhat uncertain. In the present experiments only 
portions of a few millimetres in extent vrere ever considered. 

The Cathode and Slit System. 

The principal problem in technique was that of obtaining 
a well-directed electron beam passing through a distance of 
some 3 cm. in the gas, then entering the camera, across 
which a uniform, or very nearly uniform, magnetic field 
must exist. 

Two general possibilities are obvious. One may, or may 
not, use a compensating device over the collision space. 
Both methods have been tried. In the first case when no 
compensation is applied the electron stream in the gas 
follows its natural circular path of radius appropriate to the 
potential and magnetic field. The cathode for this purpose 
is introduced through a side tube inclined at about 50^ to the 
base of the camera. For initial velocities greater than, say, 
50 volts, this arrangement was fairly satisfactory for 
obtaining energy differences, but was not suitable for low 

* G. F. Brett, Proc. Leeds PhiL & Lit. Soc. 1925. 

3 M 2 
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velocities or for intensity measurements, and was not, there¬ 
fore, our final choice. 

Compensation may he effected by coils or by an iron 
cylinder suitably placed. A number of trials of both 
schemes led to the final adoption of a cylindrical iron shield 
placed in the manner shown in fig. 1. 

The presence of so much iron produces a rather serious 
lack ot uniformity in the field across the camera, a difficulty 
met by sacrificing the main advantage of focussing (short¬ 
ness of exposure) by using two narrow slits. The first slit 
was 2 mm. long and 0*025 mm. wide, the second was 8 mm. 
long and 0*5 mm. wide, separated by a distance of 5 mm., 
the second being in the same plane as the photographic film, 
whilst the line joining the two slits was accurately at right 
angles to this plane. Caie was taken to see that the two 
slits were parallel and that their direction was that of the 
magnetic field. In this way—since the field between the 
two slits is reduced by the presence of the iron—electrons 
which are moving perpendicular to the face of the first slit 
enter the camera and strike the photogra}diic film normally. 
This arrangement was found to give lines of considerable 
sharpness. 

The filaments which have been used throngliout were of 
pure tungsten wire designed to carry a current of 0*2 
ampere. They were in general 3 mm. long and were bent 
in hairpin form, bringing the central portion close to the 
grid Gi. 

The total fall of potential down the filament and leads 
under working conditions, i. at the temperature generally 
used, was 1*24 volts, but on account of the end effect^’ it 
could be seen that only the middle portion glowed at all 
vigorously. In addition, the grid—a closely-wound flat 
tungsten spiral—was placed at a distance of not more than 
1 mm. from the centre of the filament. Consequently, the 
fall of potential down the effective portion could not have 
been more than 0*2 or 0*3 volt. 

The copper cylinder surrounding the filament and con¬ 
nected to the negative end serves to prevent electrons 
passing directly to the iron cylinder. An advantage of 
using very small filaments consuming little energy is that 
exposures can be extended to any length without appreciable 
heating up of the apparatus. An equally important advan¬ 
tage is that dissociation as a result of contact with the 
glowing tungsten is reduced to an almost negligible amount* 

When the velocity of the electrons entering the camera 
is below about 25 volts the photographic effect, even 
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with sensitized films, becomes very weak. In addition to 
which, external disturbances, the earth’s field, become 
relatively much more effective. This limitation has been 
overcome in these experiments by applying a permanent 
accelerating potential of 75 volts between the grid G 2 
end of the iron cylinder and the face of the first slit of the 
camera. It is essential that the grid and the slit face— 
which are separated by about 1 mm.—shall be parallel, 
otherwise the electrons entering the first slit will not be 
moving in such a direction as to pass through the second. 
This, of course, applies only when the velocity of the elec¬ 
trons passing through the second grid is small, say one or 
two volts. When it is greater than this there will always be 
a certain number of those scattered in the collision space 
able to enter the camera, even when the grid and slit face 
are not quite parallel. 

To obtain photographs giving information about the 
excitation probability in the neighbourhood of the critical 
})otential requires that electrons, which after suffering 
effective collision, thus having velocities of one or two volts, 
shall in general pass a distance of one or two cm. inside the 
iron cylinder. The dimensions of this cylinder were such 
that an electron of 1-volt velocity moving within it wdth the 
external magnetic field 13*2 gauss followed a path of radius 
greater than 40 cm. From this it will be seen that the 
shielding is suificiently complete for the present purpose. 
This is borne out by the photographs obtained at low 
voltages. 

The thermionic current was measured wdth a Weston 
galvanometer of sensitivity 29 x 10"^ ampere per division. 
A 2-volt lamp was placed in the high-tension circuit to act 
as a fuse. As a rule arcing did not occur with the filament 
and grid separated by not more than 1 mm. unless the 
pressure was raised beyond 0*01 mm. Hg. 

It is essential after introducing a film into the camera to 
continue the evacuation for not less than an hour and a half. 
This was necessary on account of moisture and any vapours 
given off by the film arising from the application of grease. 
After this time a reading of the McLeod gauge in general 
showed the pressure to be less than 10""^ mm. Hg., at which 
pressure the magnetic spectrum was found to consist of one 
sharp line only. There was no difficulty experienced by 
adjustment of the needle valve in obtaining a pressure 
balance of gas very close to the desired value, and in this 
state the apparatus was allowed to stand for five or ten 
minutes ; the reading of the Pirani would then be taken and 



894 Mr* H. Jones and Prof. R. Wliiddington on the 

the exposure made. With the small filaments used no 
sensible change in the pressure could be observed during 
exposures lasting up to fifteen minutes. 

The question of the purity of the hydrogen is clearly of 
such importance that, although the greatest care u as taken 
to exclude impurities, it was nevertheless thought advisable 
to obtain check photographs with air and oxygen '^. These 
photographs obtained with high electron velocities were^ 
even to a casual inspection, quite unlike those obtained with 
pure hj'drogen under similar conditions when a single well- 
defined line is obtained. At velocities below 20 volts, the 
photographs with Hg indicate the frequent occurrence of 
an additional energy loss of a smaller amount. The very 
characteristic dependence of the intensity of the line corre¬ 
sponding to this lower loss on the velocity of the impacting 
electrons, particularly the fact that the line completely 
vanishes for high velocities, removes any doubt concerning 
its origin. 

Related to the question of impurities is that of the relative 
number of atoms and molecules at any instant in the collision 
space. As pointed out by Franck and Jordan f, the con¬ 
ditions favouring a maximum percentage of molecules are : 
(1) low pressures, (2) the use of suitable metal surfaces, 
(3) low temperatures, (4) extreme purity of the gas, (5) the 
removal of gas layers from the walls of the collision space. 
In the present experiments the first four points were fairly 
well complied with, but the last condition was not, since it 
did not appear practical to bake out the metal parts before 
each exposure. Favouring a large percentage of molecules 
was the circumstance that a continuous stream of gas was 
being passed through the collision space. It is to be expected 
then that the energy losses shown in the photographs are 
related to the molecular, not the atomic, levels. With 
hydrogen, as the numerical results will show, this is the case. 

Calculation of Data from Pliotocfraplts, 

As already pointed out, the photographs of the magnetic 
spectrum with gas present, of which just a single illustrative 

* The figures give the energy losses of the primary electrons in volts, 
and the remarks refer to the corresponding lines on the photographs. 

Oxygen ,, 16T (weak), 13*0 (strong), 10*8 (weak), 8*1 (strong). 

Air. 13*6 (very strong), 8*6 (very strong). 

These results are only approximate, the lines on the air photograph 
being probably combinations of lines due to both oxygen and nitrogen 
lying in this neighbourhood. 

+ Franck and Jordan, loc. cit. p. 259. 
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example is reproduced here (fig- 2), usually consist of several 
separated lines or bands, the least deviated line oorre- 
spotiding to the full velocity electrons which may have come 
directly from the filament or more usually by way of one or 
more elastic reflexions. It is convenient to express any other 
lower velocity line in terms of the energy difference in volts 
between it and the full velocity line. 

In the initial experiments when the focussing device was 
employed, which makes use of a very wide second slit, the 
velocity corresponding to a line at a distance I from the 
bottom of the film is 

V (''“Its) = 5^-^ + 

a = distance between the two slits. 

h = distance from the centre of the 
second to the bottom of the film. 


Fig. 2. 


One coUtsion toss cot listen toes j tne. 




Fuli velocity line. 


In the final apparatus the second slit was also narrow and 
much closer to the first. In addition, the presence of the 
iron cylinder reduces very considerably the field in its 
immediate neighbourhood, and to a lesser extent over the 
whole region of the camera. Consequently, a being now 
effectively zero may be dropped out of the equation, b was 
measured and found to be 0*75 cm. The equation used was 
thus 

V = K(-754^)^ 

The constant K being determined by calibration for the 
small range of the film which was actually used. This was 
done for two values of the magnetic field employing 13*20 
and 16-28 gauss, the total applied potential being in the first 
case varied from 80 to 100 and in the second case in the 
neighbourhood of 150 volts. From these two measurements 
the two values of K were found in the usual manner. The 
error in the determination of differences can be estimated by 
observing thtit the first factor of 

SY=:2K (-75+ 0^^ 
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can be found to within 1 per cent., as shown by the values of 
V calculated from Z, and the second })art can also be deter¬ 
mined to less than 1 per cent. The error to be expected in 
measurements of energy losses is thus somewhat greater 
than 1 per cent. The values given in Table I. bear this out 
fairly well, as most of them can be included within the mean 
value ±0’2 volt. 

When the adjustment of the cathode with respect to the 
camera slit system is satisfactory and no gas is present in 
the collision space, then, as can readily be seen, the single 
lines obtained corresponding to the applied accelerating- 
potential will consist of two parts, which in general will be 
approximately superimposed. First, the electrons issuing 
from an almost point source move down towards the camera 
in very nearly straight lines, and the maik due to the direct 
beam will have a width limited by the length of the first 
slit, i. e., 2 mm. Secondly, a number of electrons will suffer 
collision at the metal boundary or slit walls and may, in 
general, have all directions as they pass through the first 
slit; thus these will produce a line of uniform density 
stretching across the whole of the exposed part of the film. 
When gas is present this uniform line will be enhanced by 
the elastic, or almost elastic, collisions which occur wdth the 
gas molecules. As might be expected, it was only in 
exceptional cases that the alignments (including in addition 
that of the magnetic field) were sufficiently accurate to bring 
the part due to the direct beam into the centre of the film. 
The portion due to the direct beam is very much more 
intense than the second part and, as indicated here, is usually 
slightly higher up the film, but by an amount which is 
certainly not more than a few tenths of a volt. It is, 
however, a point of considerable interest, since in almost all 
the photographs which have been measured or photometered, 
the intense part due to the direct beam was at either one or 
other edge of the uniform line, and, consequently,all measure¬ 
ments referring to losses are made to the centre, e-, the 
point of maximum intensity of this last-mentioned part, and 
may thus be less than the true value by any amount up to 
0-4 volt. With hydrogen present at the pressures usually 
employed, this line should be due mainly to electrons which 
have been reflected from the surface of the metal walls rather 
than to electrons which liave suffered collision with the gas 
molecules ; but for those cases in which the alignment was 
accurate, the uniform part of the full velocity line line must 
arise from electrons scattered by the gas, since any reflected 
at the cylinder walls would subtend too great an angle to 
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register on the film. This is borne out by the fact that, in 
such cases, the uniform portion of the line is of the same 
order of intensity as the line due to electrons which have 
suffered effective collision. From this it follows that the 
numerical value of the loss at high voltages given in Table I. 
oan only be regarded as setting a lower limit to the energy 
loss, the upper limit, however, being not greater than 0*4 volt 
beyond this value. Fortunately, less ambiguous results 
can be obtained for the true amount of energy lost by fast 
electrons from the photographs showing the effect of double 
collision—a point mentioned later in more detail. 

Results. 

The photographs obtained with hydrogen can most easil}^ 
be described by considering them in three groups. 

(1) Those obtained with high electron velocities, above 

oO volts and moderate gas pressures, z. c., not greater 

than 10“^ mm. Hg. 

(2) Those obtained at high velocities about 150 volts and 

higher gas pressures of the order of 3X10*^ mm. 

Hg. 

(3) Those obtained with low velocities, below 25 volts, and 

moderate pressures. 

Table I. 


Photo. 

Pressure, 
nim. Hg. 

Velocity in 
collision space, 
volts. 

Total final 
velocity, 
volts. 

Energy 

volts. 

1 . 

0 007 

16 

910 

12*13 

9 

0009 

17 

93-2 

12*38 

3 . 

0-011 

17 

92*0 

12*53 

4 . 

.. not lueasurecl. 

24 

98*0 

12*18 

5 . 

• • 

24 

98-0 

12*08 

6 . 

.. ,, 

24 

97*8 

12*03 

7 .. 

0*009 

25 

97*0 

12*21 

8 .. 

0*009 

26 

89 0 

12*53 

9 . 

0*009 

30 

103*8 

12*31 

10 . 

0 008 

50 

980 

12*22 


Mean Energy loss=12 26 volts. 
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(1) 0£ these photographs a number were chosen which 
appeared the most suitable for measurement, both on account 
of the clearness of the lines and because of the definiteness 
with which the conditions of the exposure were known, and 
the results of the measurement of all these are given in 
Table I. The loss given here is the only one which appears 
with certidnty on pliotographs taken at high velocities ; it also 
appears^ however, at low velocities, and, consequently, the 
measurements given are not restricted merely to the former 
case. It may be that part of the small variations to be 
observed in Table I. is due to the distance between the 
points of maximum intensity of the full velocity line and of 
the loss line expressed in volts actually varying slightly 
under different conditions, a variation due perhaps to the 
small losses of energy which the electrons. suffer either in 
collision wdth the gas molecules or by reflexion at the metal 
surfaces during “ elastic collision. Photographs taken 
with high electron velocities and low gas pressures all show 
a single well-defined loss line of considerable intensity, in 
addition, of course, to tlie full velocity line. It appears 
hardly necessary to mention that what may be called purely 
instrumental effects such as lack of uniformity of the 
magnetic field, fall of potential down the filament, contact 
potential differences and such like, cannot directly affect the 
magnitude of the energy differences. To the low velocity 
side of this 12 volt loss line, as appears on some of the 
photometric curves, there is an indication of another line or 
edge at about 14 or 15 volts. This corresponds possibly 
to the edge of the continuons absorption spectrum as 
given by Diekeand Hopfield at 14*53 volts, and is considered 
later. 

(2) The photographs obtained in this group at high gas 
pressures were intended primarily to furnish values of the 
excitation probability''at high velocities (see p. 902), but they 
can also be used to provide the correction for the error 
which is introduced by the slight uncertainty of the full 
velocity line. These photographs (one of which is repro¬ 
duced j show two loss lines : the first very strong, being the 
one already considered, which arises from electrons having- 
suffered a single effective collision ; the second being due to 
electrons which have suffered two such effective collisions. 
The true value of the energy lost by the electron in this 
particular type of collision will be given by the voltage 
separation beWeen the first and second loss lines, whilst the 
difference between the first and the full velocity line will give 
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a value like the mean of Table I. Measurements made on five 
photographs of this sort showed that the true energy loss 
was 0*36 volts greater than the mean value of the separation 
between the first loss and the full velocity line. The resulting 
value of the energy lost in collision is then 12*6 volts to 
within the accuracy of these experiments, whicii may be 
estimated for the mean as about 1 per cent. 

(3^ Photographs obtained at low excitation velocities 
differ from those taken at high velocities, the change being 
a gradual one as the accelerating potential is reduced. 

In this apparatus, where only the electrons which are 
flung forward through a very small angle are examined, the 
change is first to be observed at approximately 26 volts. At 
this potential a faint line appears at a distance corresponding 
to a loss of 9*1 volts. Naturally as the line is faint at this 
voltage, the accuracy of the measurement is small, and the 
value given might be in error by a few tenths of a volt. At 
lower potentials the intensity of this line increases very 
greatly, until at 18 or 16 volts it is comparable in intensity 
with the line at 12*6 volts. At still lower potentials from 
13 to 14 it again vanishes, a number of photographs being 
obtained at these very low potentials, and on none, although 
the 12*6 line can always be seen, does the other appear. 
When the velocity was below that required to stimulate 
the 12*6 loss, the photographs showed only the single line 
corresponding to the applied accelerating potential, but to 
the low velocity side of this there was, in general, a very 
faint shading extending a distance of some 4 or 5 volts. At 
potentials about 16 volts, i. e., the lowest at which this second 
loss occurred strongly, there exists shading between this line 
and the full velocity line. The point of maximum intensity 
corresponding to this loss does not appear to be a definitely 
fixed value independent of the excitation conditions. The 
photographs (1, 2, 3, and 23) show this line strongly and 
clearly, and the differences in the value of the loss are 
certainly due to the actual displacement of the point of 
maxirnum intensity. That this displacement is due to 
extraneous causes is made untenable hj the fact that the 
measurements of the 12*6 (or direct mean 12*26) line on 
the same photographs give normally good values. These 
results are not as surprising as may at first sight appear 
when it is observed that this loss is probably connected 
with the dissociation of the molecule. Table II. gives 
the loss in volts corresponding to the maximum of this line. 
The measurements for this table have been taken from 
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Table II. 


Photo. 

PressurCj 
mm, Hg. 

23 . 

0-007 


1 . 0‘007 


0-009 


8 . 

0011 

24 . 

0-010 

8 . 

0-009 


Velocity in Total 

collision-space, velocity, 
volts. volts. 


16 

90 

16 

91 

17 

93-2 

17 

92 

18 

81*5 

26 

89 


Loss, Ratio of 
volts. Intensities, 


8*64 


7-30 

024 

8*62 

0T3 

813 

0T7 

9*03 


9-59 

003 


a 



pbotometric curves similar to fig, 3 which has been obtained 
from the specirum reproduced above. 

Besides the determination of the energy-loss, estimates 
have been made of the relative intensities of the two “ lines 
for a few diflferent voltages. This has been done by com- 
paring the areas under the two maxima on the photometric 
curves corresponding to the 12*6 and the lower loss. 

As the photographic eflFect of slow electrons occurs 
through the intermediary action of the fluorescent grease 
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with which the films are sensitized, the intensity of the 
blackening will be related to the number of electrons in 
the beam* in the same way as the blackening depends upon 
the intensity of light in the ordinary case. If the blackening 
is not too intense^, the photographic density may be taken as^ 
proportional to the intensity of the incidental light. Since 
the distance along the wedge of the photometer employed is 
proportional to the photographic density, and as the ordinates- 
of the photometric curves are just the wedge-readings, these 
will be proportional to the number of electrons in the beam 
producing the mark. Thus the relative number of electrons^ 
having suffered the 12*6 and the lower loss wall be given 
directly by the ratio of the areas on the photometric curves 
under their respective maxima. In the last column of 
Table II. are given tbe values of these ratios for a few cases. 
The photographs from which these ratios were obtained 
diflFered from those taken for ordinary energy-loss measure¬ 
ments only in that special care was taken to obtain a perfectly 
steady thermionic current and to measure this and the time of 
exposure (usually 4 or 5 minutes) accurately. The greatest 
difficulty in making measurements of intensities was that of 
obtaining a suitable reference line on tbe photometric curves. 
During an exposure the whole of the film is slightly darkened 
by electrons which are scattered within the camera. More¬ 
over, all those electrons which are scattered near the slits (and 
most of them should be, since the gas is leaking through this 
way into the camera) will strike the film somewhere below 
the line corresponding to the applied potential. Consequently, 
it does not appear justifiable to use the flat part of the curve 
beyond the full velocity line as the reference level, rather 
should that part be regarded as the true zero which becomes 
flat below the loss line. In the treatment of the graphs, 
such as that shown, the centre of the full velocity line was 
first drawn, being determined from the upper part of the 
corresponding peak. This latter was then made symmetrical 
and the right-hand side of the first loss peak constructed by 
subtracting the ordinates. The left-hand part of this peak 
was then extrapolated to the base-line, and the right-hand 
side of the second loss peak determined as in the first case. 
For the curves referring to photographs taken at high 
velocities for the determination of the probability of 
excitation in which the second line is much fainter than the 
first, the adopted method was to extrapolate tbe curve of 
the first line, subtract the orhinates, and construct the curve 
of the second line from these. In addition, it is known that 
the second curve must be of the same form as the first, withi 
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the ordinates diminished in a certain constant ratio. This 
•serves as a check on the extrapolation. 

Determination of the Probability of Effective Collision. 

Although at the present time there are a few quantitative 
results on the probability of excitation by electron impact 
for electron velocities in the neighbourhood of the excitation 
potential, yet there appears to be no data giving the value of 
this probability for velocities exceeding the critical potential 
by some 100 volts. Seeliger and his collaborators have 
determined the relative excitation probabilities (or quantities 
closely allied) for these velocities by spectroscopic means. 
The experiments described here give a direct method for 
measuring the value of this probability at high velocities. 
Results are given for the A—>C transition of the hydrogen 
molecule at a velocity of 150 voKs. 

The essential feature of the method is the obtaining on a 
single photograph of two lines, one due to electrons which 
have suffered a single effective collision, the other to 
electrons which have suffered two effective collisions. As 
will be readily seen, the ratio of the intensities of these two 
lines, a knowledge of the gas-pressure and the path-length, 
is sufficient to determine the absolute value of the probability 
of excitation. 

, The work of Lenard and others shows that a fast electron 
is deflected from its path or loses energy when it ])asses 
within the boundary determined by the gas kinetic radius of 
the molecule. This is equivalent to putting the mean free 

path of a fast electron equal to 4 \/2 times the molecular 
mean free path. 

Now let p be the probability that an encounter (as just 
defined) shall result in the stimulation of the molecule to a 
certain state, and the flinging off of the electron in approxi¬ 
mately the same direction as that of approach. If the path- 
length in the gas be d the probability that an electron shall 

. d 

suffer one and only one encounter is - ^ a ^ where X, is the 

'electron mean free path. Thus for the intensity of the first 
line we put 

d 

= const, p * zre A, 

A 

The probability that an electron shall suffer its first encounter 
between a; and a? 4- lose energy, and be flung off in the same 
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direction is ^—. The probability that it shall then 

X 

suffer one and only one encounter in the remaining distance 

^ QQ dt—'X ^ 1 » * 

is-^ T . Multiplying together and integrating from 

0 to and multiplying by /?, we have for the intensity of the 
second line 


l 5 = const, 


d? 




the constant in each case clearly being the same. 

2X I 2 

O = -T • 

d 

The quantity p which is deterndned by the experiment is 
not the true excitation probability ; but for high electron 
velocities it approaches this within 1 or 2 per cent, as the 
results of Langmuir and also of Dymond show. This con¬ 
clusion can also be drawn from many of the photographs 
obtained in these experiments. As already explained, when 
the alignment is such as to bring part of the direct beam 
into the camera, there is produced a short, very intense line, 
superimposed on the uniform part of the full velocity line 
It is found that there is a corresponding increase of intensity 
in the 12*6 loss line at the same position. The meaning of 
this clearly is that the beam composed of the electrons which 
have lost 12 6 volts, expands only a little at high velocities 
from the original full velocity beam. In other words, most 
of the electrons are flung through only a very small angle 
when suffering effective collision at high velocities. 

Table III. gives the values of the excitation probability 
taken from the only photographs which were photoinetered. 
It appears that it is of the order of 1 or 2 per cent. The 
mean of the first four values relating to an electron velocity 
of 150 volts is 0*015. 


Relation between the Energy Losses of the Electrons and the 
Spectroscopic Term Values of 

The result of an electron impact with an atom, as far as 
energy interchanges are concerned, can be given a straight¬ 
forward interpretation. The energy lost by the electron is 
very nearly equal to the energy difference between two 
states of the atom. In the case of an inipact with a molecule, 
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it is still true, of course, that the energy is conserved, but 
that gained by the molecule will in general be distributed 
between the electronic and the nuclear states. The process 
of* excitation, according to Franck occurs in the first place 
by the change of the electronic state, the nuclear motion 
being affected only indirectly as a result of the sudden 
change of binding. This picture has been justified to some 
extent by Condon t* When the stimulation occurs by the 
impact of a fast electron, say of 100 volts or more, it is to 
be expected that the molecule will be raised to some higher 
electronic state and that the primary electron will have lost 
this energy and passed on before the nuclei respond to the 
altered binding. Thus it is to be expected that the energy 
lost by a fast electron in collision with a gas-molecule will 
be equal to the change of energy due to the transition of the 


Table III. 




Ratio of 
Areas. 

Pressure J, 
mm. Hg. 

Excit. Prob. 
P- 

18... 

. 150 

0053 

00275 

0-011 

19 .. 

. 160 

0-073 

0-0204 

0 020 

20... 

. 150 

0 056 

0-0207 

0-015 

21... 

. 150 

0-057 

0 0255 

0-013 

22... 

. 98'8 

0-060 

0-0245 

3-014 


electronic state plus vibrational energy of an amount corre¬ 
sponding to the potential energy of the two nuclei in the 
higher electronic state, but with their original separation. 

In order to estimate the amount of the vibrational energy 
imparted to the molecule, one only needs to draw the curve 
showing the energy of the molecule in a particular electronic 
state for various separations of the nuclei. When the band 
spectrum has been sufficiently analysed so that the vibrational 
and rotational constants are known, it is possible to do this 
for small values of (r—r*o)^ where Vq is the equilibrium 

* Franck and Jordan, he, cit. p. 252. 

t Condon, Proc. Nat. Acad. Sc. xiii, p. 466 (1927). 

X Owing to the smallness of p, the gas-pressure was raised in these 
experiments to the greatest practicable value so as to make X as small 
as possible. This greatest pressure was found to be about 0‘()3 mm., the 
limit being set by the necessity of (1) preventing too rapid a leak through 
the slit into the camera; (2) providing the filament with a reasonably 
long life; (3) guarding against too hequent arcing between filament and 
grid. 
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separation, I£ the force between the two nuclei be expanded 
as a power series in (r—the first three coefficients 

can be obtained from the band constants. Using the 
numerical data recently collected by Birge fig 4 refer¬ 
ring to the C state of H 2 has been drawn showing the relation 
between the potential energy and the nuclear separation. 

It is seen that when the nuclear separation in this state 
is equal to that in the normal A state, i,e.,0*76 A.U., the 
potential energy due to the displacement of the nuclei 


Fig. 4. 



= 0’74 volt. It appears, then, that a collision with a fast 
electron resulting in the transition to the C state will involve 
the stimulation of vibrational motion and that the most 
probable values of the vibrational quantum-numbers are 
w = 2 or 3. The point of maximum intensity on the photo¬ 
graphs would be expected, therefore, to correspond to a loss 
of some value between 13*0 and 12*78, the precise position 
depending on the relative numbers which lose one or other 
of these values. Actually the adopted mean from the given 
measurements lies at 12*6 volts, but this is sufficiently near 

* Birge, Proc. Nat. Acad. Sc. xiv* p. 12 (1928). 

PhtL Mag. S. 7. Vol. 6. No. 38. SuppL Nov. 1928. 3 N 
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to make it likely that this line is rightly allocated to the O 
state. Still more convincing evidence on this point is that 
Hori^ when examining the ultra-violet emission spectrum of 
H 2 stimulated by electrons of velocity varying up to 200 
volts, found that only the bands corresponding to the C->A 
transition were emitted at all strongly. It is noteworthy 
that unless there be some factor in the process of excitation 
by electron impact which teiifls to make one, or perhaps two, 
neighbouring vibrational levels much more probable than the 
rest, then our photographs would not show anything like a 
line at all, since the vibrational levels of the C state, 
according to Dieke and Hopfield * extend from 12*23 to 
14 53 volts. 

The complete absence of any line at 4*34 volts for high 
electron velocities may be regarded as additional direct 
evidence for the already well-established fact that bigh- 
"veiocity electrons are ineffective for producing dissociation 
by direct means, by yielding up just sufficient energy to 
earry this process out without simultaneous excitation of 
some electronic state. 

A review of the older 'work on the measurement of critical 
potentials in hydrogen reveals, at all events, one feature 
which appears reliable, in that it is common to most observa¬ 
tions. This is the existence of a strong radiation potential 
in the neighbourhood of 12*6 to 12*9 volts. It is to be 
remembered that the energy losses measured in this way are 
those sustained usually by electrons wTiose velocity is in the 
immediate neighbourhood of the excitation potential con¬ 
sidered. Nevertheless, since the photographs obtained at 
low velocities (13 or 14 volts) still show the line corresponding 
to the A“>C transition (though of touch reduced intensityj, 
it appears that the above-mentioned critical potentials arise 
in the same way as the lines on our photograph, ^. e.^ by 
stimulation to the C state. 

As already mentioned, at high velocities, apart from the 
12*6 volt line (and the shading to the low-velocitv side ), 
there appears nothing else of noticeable intensity. Now tbe 
next lowest after the ground state is the 2 state, or the B of 
Dieke and Hopfield’s notation. The non-vibrating level of 
this lies at 11*1 volts beyond the normal state. It appears, 
then, that the excitation of this state must be relatively 
very infrequent. This is in agreement with Korin's observa¬ 
tion that the Werner bands always appear much more 
strongly than the Lyman bands even at low velocities. As 


^ Dieke and Hopfield, Zs.f. Fhys, xL p. 299 (1920). 
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a reason for this, it may be suggested that since the equili¬ 
brium separation of the nuclei for the 2^S state is 1*55 A.U., 
and that of the normal 1 state 0*76 A.U,, when excitation 
to the 2 state occurs by the action of a fast electron, 
the potential energy imparted to the nuclei, as a result of 
the altered binding, will be great, corresponding to a dis¬ 
placement of 0*79 A,U. Thus, if an impact with a fast 
electron is to result in the transition to the B electronic 
state, then this must be accompanied by the stimulation of a 
vibrational state of high quantum-number, or more likely by 
dissociation. Now according to Dieke and Hopfield, the 
limit of the B state is common with that of the 0 state, and 
lies at 14*53 volts. It would thus appear that is the signifi¬ 
cance of the increased intensity in the shading to the low- 
velocity side of the 12*6 volt line lying at 14 to 15 volts, 
which is especially prominent on the photographs tjiken 
at high velocities, as appears from the photometric curves. 
The products of the dissociation at 14*53 volts are given 
by Dieke and Hopfield as a neutral atom and an atom in 
the first quantum state, i,e,y the 10*15 state, this giving a 
value of 4*38 for the dis^ociatio^ potential. If the energy 
imported as a result of the collision be somewhat less than 
14*5 volts, the molecule may he left in the B stjite with 
strong nuclear vibration. It is generally considered that 
returns from such states to the ground A state will result 
in dissociation and the emission of the contiiiiioiis spectrum. 
In a word, then, collisions of fast electrons resulting in the 
stimulation of the B state might be expected, first, not to 
require 11*1 volts, but something in the neighbourhood of 14, 
a.ul, secondly, to result not in the stimulation of the Lyman 
bands, but rather in that of the continuous spectrum. 

The photographs obtained at low velocities appear to be 
rather surprising, but the large number taken under various 
conditions, and even with different forms of apparatus, forces 
one to the conclusion that low speed electrons may lose 
energy as a result of collision with some form of hydrogen 
of an amount much greater than the dissociation potential, 
but less than the first excitation stage of either the atom or 
the molecule. Moreover, for given conditions (mainly the 
accelerating potential) tliere is one value of the energy loss 
much more probable than any other. This is shown by the 
maximum to be seen on the photometric curves. It is 
especially to be noticed that when the accelerating potential 
is less than 14 or 15 volts, this loss of energy does not occur 
with sufficient frequency to produce a noticeable line on the 
photographs. Thus it would appear possible for it to be made 

3N2 
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evident by the critical potential methods, since the number 
of electrons losing this energy increases gradually as the 
velocity is increased, without there being any well-defined 
threshold potential. 

It w^as at first suggested ^ that this efiect might correspond 
to the excitation of H 3 , as relatively large quantities of 
are known to exist under the discharge conditions employed. 
The rare appearance of the loss below about 15 volts 
suggested that 112 "^ was in some way connected with its 
occurrence, and this it is known is necessary to the 
formation of H 3 . 

It seems more likely, however, that this line appearing at 
low velocities is intimately connected with the dissociation 
of the diatomic hydrogen molecule. The fact that the most 
probable loss, L e,, the loss corresponding to the point of 
maximum intensity, is not a definite amount, but increases 
as the velocity of the primary electrons increases from 16 to 
20 volts, makes it unlikely that it corresponds to any 
particular excitation state of any kind of molecule. 

When the initial velocity of the electron^ suffering collision 
wdth the molecule, corresponds very nearly to the energy 
separation of the two states between wdiich the transition 
occurs, it might be expected that the electron and molecule 
will remain in interaction for a time sufficiently long to allow 
the nuclear motion to affect the amount of energy finally 
lost by the electron. The energy lost under consideration 
may be due, therefore, to an excitation process, which finally 
results in the dissociation of the molecule and the emission 
of radiation which forms part of the continuous spectrum. 
It is interesting to notice in this connexion that Oldenberg t 
has found that the continuous spectrum, but not the Lyman 
bands, is strongly excited by electron impacts in pure 
hydrogen, but when argon is present Lyman bands appear 
strongly and the continuous spectrum very weak. The two 
thus appear to be closely related and probably due to the 
same initial electronic excitation, i, e.^ to the B state. The 
essential difference is, according to Oldenberg, that with 
argon present (the excitation occurring then by collisions of 
the second kind with the excited argon atoms) the vibra¬ 
tional energy is limited to that of the third state, whilst in 
the other case high vibrational states may occur, and there¬ 
fore dissociation in the resulting transition which produces 
the radiation of the continuous spectrum. The work of 

* Jones and Whiddington, Proc. Leeds Phil, & Lit. 80 c., July 1928. 

t Oldenberg, Zs,f. JPkys. xli. p. 1 (1927). 



Enenjy Losses of Electrons in Hydrogen. 909 

Hugh es and Skellett * shows that dissociation occurs almost 
certainly as a result of a simple process, i, e.y not a secondary 
effect, and, moreover, that the dissociation does not set in 
until the electrons have a velocity of 11 or 12 volts, and 
increases for higher potentials. These results fit with the 
observation first made by Horton and Davies f of the exci- 
tation of the continuous spectrum at low velocities. They 
gave tentatively as the lower limit for excitation 12*6 volts. 

Finally, then, it appears that (1) the loss not being a 
detinite one, independent of the excitation conditions, 
suggests that it is connected with dissociation; (2) results 
like those of Hughes and Skellett indicate that dissociation 
is connected with the emission of the continuous spectrum, 
since there appears no other way of accounting for the 
balance of energy, and does not occur until the electrons 
have a velocity of about 12 volts ; (3) Oldenberg^s results 
may be taken to indicate that the continuous spectrum is 
intimately connected with the excitation of the B electronic 
state, and this, as has been previously mentioned, w^ould 
apparently require the impacting electron to have an initial 
velocity somewhat greater than the 11*1 volts necessary to 
stimulate the Bq state. This fits, then, with the non-occur¬ 
rence of the loss at very low potentials, and may be taken to 
support the attribution of this loss to a dissociation process. 

Summary. 

Experiments are described in which the energy losses of 
electrons in hydrogen of controllable velocity are measured, 
and also the relative number in the different energ}^ groups. 
The results of the measurement of the photographs and their 
photometric curves may be summarized as follows:—(1) By 
far the most probable effect of a collision between an electron 
of 50 volts or more velocity and a hydrogen molecule is the 
excitation of the C state w ith a certain amount of vibrational 
energy. (2) The probability of effective collision at 150 volts 
is in the neighbourhood of 1 or 2 per cent. (3) At low 
velocities, smaller losses, the upper limit of which is 8 or 
9 volts, varying slightly with the primary electron velocity, 
are observed, and the suggestion is made that these are 
connected with the dissociation of the molecule and the 
excitation of the continuous spectrum. (4) There is no loss 
of about 11*1 volts to be found, indicating that the Bq and 
other low vibrational B states cannot be stimulated directly 

* Hughes and Skellett, Phys. Kev. xxx. p. 11 (1927). 

t Horton and Davies. Pliil. Mag. xlvi. p. 872 (3923). 
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by electron impact. (5) There is no indication, except at 
very low velocities (8 to 10 volts) when it is very faint, of 
a loss occurring which might be connected with direct 
dissociation. 

The cost of part of the apparatus used in this investigation 
has been defrayed by a grant from the Royal Society. 

The Universit}^, Leeds. 


LXXXIX. The K X-May Absorption Edge of Iron, 

By Geo. A. Lindsay and H. R. Voorhees 

[Plate XVI.] 

Introduction. 

R ecent work in x-ray absorption Sf>ectra has shown 
that on the short wave-length side of the edge there 
often exists a complicated appearance which has been called 
the fine structure, or multiple structure of the edge. Early 
investigators were Stenstromt, Fricke $, and Hertz §. 
Lindh II, in an extended study of the K absorption edges 
of sulphur, chlorine, and phosphorus, found one or two 
secondary edges. Coster and Van der Tuuk TF reported a 
secondary edge very close to the K edge of argon. Van 
Dyke and one of the writers*"^ found a more complicated 
structure for the K edge of calcium than had previously been 
observed for any element. Nuttall ft, working in this 
laboratory^ has recently shown a structure for the potassium 
and chlorine K edges which is also very complicated. 

The valence of the element affects the f)Osition of the 
absorption edge. In the work of Lindh there appeared a 
progressive shifting of the edge towards shorter wave-lengths 
as the valence of tlie element became higher. 

The present work was undertaken for the purpose of 
extending the knowledge of the structure of the K absorp- 

^ Communicated by J. M. Nuttall, M.Sc. 
t Stenstrom, Diss. Lund, 1919. 

% Fricke, Phys. Rev. xvi. p. 202 (192Q). 

§ Hertz, Zeits./ih* Phys. iii. p. 19 (1920). 

11 Lindh, Diss. Lund, 1923. 

^ Coster and Van der Tuuk, Zeits.fur Phys, xxxvii. p. 8G7 (1926). 

** Lindsay and Van Dyke, Phys. Rev. xxviii. p. 613 (1926). 
ft Nuttall, Phys. Rev. xxxi. p. 742 (1928). 
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tion region and also with the hope of showing the effect of 
valence on this structure. With this in view, iron was 
cliosen because ot* its cotivenient wave-length, because of the 
fa(‘t that cr 3 ^stals containing iron are plentiful, and also 
because iron has two valencies. 


Experimental Procedure, 

Two methods were used to obtain the absorption : firsts 
crystals containing iron were used both as diffracting crystal 
and as absorbing medium ; second, screens were made and 
placed in the path of the beam in the usual manner. The 
first method has the advantage of forming a very uniform 
absorber, and of permitting more radiation to reach the 
plate. It is a veiy desirable method for long wave-lengths^ 
and when good crystals are obtainable. On the other hand, 
if the crystals are poor and if suitable absorbing screens can 
be made, the second method gives better results. While 
crystals containing iron are plentiful, they have not espe- 
cially good surfaces, and lienee in this work the better results 
were obtained by the second method. 

Many of the crystals used were not common in X-ray 
w^ork, and it was therefore necessary to obtain the crystal¬ 
grating constants. This was done by precision measure¬ 
ments on the OuKa line, as outlined by Siegbahn The 
natural faces of the crystals were used, but in some cases 
these were polished in an effort to eliminate some of the 
surface irregularities. This polishing no doubt sacrifices to 
some extent the sharpness of the fine structure. The 
absorbing screens were made by mixing the finely-pul¬ 
verized compound with collodion and spreading the mixture 
out in thin films to dry. In this manner screens of suitable 
thickness could readilj" be obtained. One of the crystals 
used in the first method was lepidomelane, a mica which 
contains iron, and which can be split into sheets as thin as 
0*01 mm. These sheets served as excellent absorption screens 
for the second method. The screens for metallic iron were 
made b}^ rolling a piece of pure electrolytic iron which was 
obtained from the General Electric Co., through Professor 
W. P. Davey. The rolling was done between pieces of 
copper, and fairly uniform screens as thin as 0*01 mm. were 
made. 

A sylvite (KCl) crystal was used in the absorbing screen 
method. This crystal gave very good reflexion. Its disper¬ 
sion is somewhat greater than that of calcite. 

* Siegbaliu, * Spectroscopy of X-Rays,’ pp. 62-64. 
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A Siegbahn vacuum spectrograph was used for photo¬ 
graphing the edges. The reference line used on all the 
plates was the FeK/8 line. The WL 2 line was also near, 
and served as a check. The distance from absorption edge 
to reference line was measured on a comparator having a 
least count of 0*005 mm. 

In measuring the edge the cross hair of the comparator 
microscope was brought up just to the point where the 
blackening begins to decrease. The practice has commonly 
been to add to this reading one-half the width of the slit. 
It was found, however, that this correction gave abnormally 
low wave-lengths in cases where the dispersion of the crystal 
was small. If no corrections were made, the values for the 
edge by the two methods were found to agree much better* 
It was also found that the edge was much less sharp for 
metallic iron than for the compounds, even though other 
conditions were the same. This shows that factors other 
than slit-width may determine the sharpness of the edge. 
From these considerations it was thought best to omit the 
correction for the width of the slit. The width of the slit in 
the crystal method was 0*12(> mm. In the screen method, 
where stronger reflexion could be obtained, it was narrowed 
to 0*043 mm. This aided in the resolution of some of the 
details of the structure. 

The curves shown in this work are microphotograms taken 
on a Moll microphotometer. The lens system was modified 
so as to utilize more of the height of the plate, thus elimi¬ 
nating most of the fluctuations due to the coarse grain of the 
X-ray plates. 


Eccperimental Details, 

The predominant features of the multiple structure are as 
follows : first, a very sharp principal absorption edge ; second, 
an intense white-line absorption immediately to shorter wave¬ 
lengths ; third, several secondary regions of absorption, which 
also sometimes appear as white lines of less intensity. The 
more striking appearance of the first white line is, however, 
partly due to the fact that there is less contrast at the 
secondary edges. The microphotograms show tijat in many 
cases the secondary absorptions are really as intense as the 
principal white line. The blackening between the secondary 
absorptions by no means approaches in intensity that on the 
long wave-length side of the principal edge. In the tables 
this principal edge, which is the one always measured, is 
-designated simply as the K edge. It forms the long wave¬ 
length boundary of the principal white line. The short 
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wave-length boundary is far less distinct. The secondary 
•edges, that is the long wuve-lt*iigth sides of the secondary 
white lines or bands, are denoted by Kj, Kg, Kg, etc. Certain 
faint and narrow absorptions that are often found near the 
secondary edges are designated as K/, Kg', etc. K/ is 
between K and Ki, Kg' is between Ki and Kg, and so on. 
The structure is quite similar for all the compounds of iron. 
y^The structure for metallic iron differs from that for the 
compounds in that the principal edge is less sharp, as is 
revealed by the niicrophotogram of fig. 3 (PI. XVI.), and 
there is no white line absorption of note until the Kg edge 
is reached. The multiple structure covers a much greater 
range than in the case of the compounds. 

Results of the Crystal Method. 

The following crystals were used as diffracting crystals 
and at the same time as absorbers :— 

(1) Iron pyrites, FeSg ; (2) Arsenopyrite, AsFeS ; 

■(3) Hematite, FcgOa; (4) Epidote, HCOgf Al, Fe)3Si30i3; 
{5) Lepidomelane, (K,H)2(Mg,Fe)2(Al,Fe)g(Si04)3; (6) Mag¬ 
netite, Fe304, 

A summary of the results of the crystal method is given 
in Table I. The values shown for any one crystal are the 
average from several plates. The fainter edges are given 
in parentheses. Fig. 1 (PI. XYL), shows a representative 
plate of this method taken with iron pyrite. In the repro¬ 
duction of the plate fainter detail is perhaps not evident, 
but it may be seen in the accompanying microphotogram of 
the same plate. 

The summary of the data shows that the bivalent iron, as 
it occurs in iron pyrites and arsenopyrite, gives the same 
wave-length value for the principal edge. The white line 
for these two compounds measured 7 x.u. in width. Close 
study of the clearer plates shows, however, that this white 
line is separated in the middle by a very narrow black line. 
This indicates the presence of a K/ edge in this raid- 
position. Such an edge was found later for the bivalent 
iron in the absorption-screen method. This faint Kj' edge 
is probably less distinct in the crystal method because (>f 
the wider slit used in that method. The remaining struc¬ 
ture of these two crvstals is quite the same for both, except 
that the pyrite crystal, which gave the better reflexion, 
shows the Kg' and K3 edges faintly, while in the other 
they cannot be detected. The hematite and epidote crystals 
contain trivalent: iron. The wave-length of the principal 



Table I. — Siuiimary of Data for Crystal Metliod. 
wave-longth in x.n. AV = energy difference in volts. 
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edge for these crystals was 1*5 x.u. shorter than for the 
bivalent forms. The white line was here found to be 4*4 x.u. 
in width. 

The lepidoinelane and magnetite crystals contain both 
bivalent and trivalent iron. The reflexion from the mag- 
tite crystal was so poor that only the principal edge could 
be measured. The lepidomelane gave very strong reflexion^ 
but its grating constant was large^ and the dispersion was 
only 55 x.u. per mm. The detail was as sharp as in the 
crystals having iron of only a single valence. 

Results of the Absorption-screen Method. 

The absorption-screen method was more fruitful of results 
because of the excellent reflexion of the (K Cl) crystal used* 
The slit was now narrowed in order to aid resolution. The 
dispersion for this sylvite was slightly greater than for 
calcite. 

Absorbing screens were made of the following com¬ 
pounds;—ferrous carbonate^ FeCOg; ferric oxide, FcgOs ; 
ferrous ferric oxide, Fe304 ; ferric chloride, FeCls. 6H2O ; 
ferrous ammonium sulphate, FeS04(NH4)2804.6H2O ; and 
a mechanical mixture of the last two. Thin sheets of 
lepidomelane were also used as screens, and the metallic iron 
screen, made as described above, gave the absorption for the 
uncombined element. 

The mineral siderite (FeCOg) and ferrous ammonium 
sulphate were chosen because they are rather stable com¬ 
pounds. 

Table II. shows a sum mar v of the data obtained by the 
absorption-screen method, while figs. 2 and 3 (PL XVI.) 
show plates of Fe304 and metallic iron respectively with 
their microphotograms. In the case of the mechanical 
mixture it may be seen that the principal edge is like that 
for bivalent iron. We should expect this, for if the struc¬ 
tures due to both forms are present, the edge due to the 
trivalent iron would fall in the intense white line due to 
the bivalent iron, and hence would not appear. Where the 
bivalent and trivalent iron are both in a single compound, as 
in the lepidomelane and magnetite, no evidence of a super¬ 
position of the two spectra could ba found. The wave-length 
of the principle edge was intermediate between that for the 
two forms of iron. The white line was very narrow and a 
distinct edge was observed^ These features indicate that 
the iron is held in these compounds in such a way as to show 
neither bivalent nor trivalent spectral characteristics. It 
rather appears that the iron ions are all alike. 



Tabi^e II.—Summary o£ Absorption-screen Method. KOI. Crystal. 
X = wave-length in KOI. AV = energy difference in volts. 
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Probably the most interesting portion o£ this work is the 
spectrum obtained with the screen of pure metallic iron* 
According to earlier views, which attributed the structure of 
the edge to the effect of the outer orbits, one should expect 
to find only a very limited structure for the absorption edge 
ofc* a neutral element. On the contrary, our plates showed 
as many as a dozen secondary edges for metallic iron, the 
structure being distinct to more than 300 volts from the 
principal edge, with less distinct indications for several 
hundred volts further. This is a much greater range than 
has been observed before for the structure of any absorption 
edge. 

It is of note that there is no white-line absorption at the 
principal edge for metallic iron. As may be observed from 
the photometer record of fig. 3 (PL XVI,), the slope of the 
edge is more gradual than for the compounds, and the K/ 
and Ki edges appear faintly on this slope. The first appear¬ 
ance of the usual white-line absorption is at the edge. 
The wave-length of the principal edge was found to be 
greater than for either of the ionized forms. Our value 
of 1739*3 x.u. for this edge is about 0*7 x.u. less than that 
given by Lindh. 


Theoretical Considerations* 

Kossel’s theory of the fine structure was that the ejected 
electron may stop in the outer unoccupied orbits of the atom, 
and thus give rise to secondary edges, depending on the 
particular orbit in which the transition ends. The edge of 
shortest wave-length would thus correspond to complete 
removal of the electron, while the edge of longest wave¬ 
length would correspond to a transition to the innermost 
possible virtual orbit. This theory would account for a 
structure in the case of metallic iron of only a few volts in 
width, and at the most for not over oO volts in the case of 
the trivalent Pe ion. The structure for the metallic iron 
here found is even more extended than for the compounds. 
We therefore think it very likely that multiple simultaneous 
ionization of the atom occurs under the action of the X-ray 
beam. G. Wentzel**^ predicted such a multiply-ionized 
condition in his discussion of the origin of certain non¬ 
diagram lines. JSTuttallt gives this multiple ionization as- 
the probable explanation of his results. 

^ G. \Yentzel, Ann. der Pkys. Ixvi. p. 437 (1920). 
f J. M. Nuttall, loc. dt. 
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When we attempt to calculate the position of any one of 
the secondary edges from the standpoint of multiple ioniza¬ 
tion, we find it <lifficalt because of our lack of knowledge of 
the transition process in the outer part of the atom. How¬ 
ever, since the portion of the spectrum corresponding to the 
virtual orbits is contined to a narrow region, it is possible to 
compute the general position of the absorption from a 
knowledge of the energy-levels of tlie atom. 

It the iron atom has one of its K electrons removed to an 
outer level, its nucleus and Iv shell together then act, in so far 

the outer electrons are concerned, like the corresponding* 
parts of a cobalt atom. If an M electron were now to be 
ejected, it would require energy about equal to that for 
ejectifui of an M electron from a cobalt atom, which is about 
104 volts for an Mj electron, 64 volts for an Mu or Mm elec¬ 
tron, and 10 volts for an Mrv or My electron. If the K 
electron were entirely removed from tlie atom, these values 
would be somewhat more. Now, if one of these M electrons 
is ejected simultaneously with a K electron, the lotal energy 
absorbed will be approximately equal to the sum of that 
required to eject the K electron from the iron atom and the 
second M electron from a cobalt atom. If the M electron 
sto[)S in some of the outer orbits, this energy value will be- 
somewhat less. Thus, by choosing the proper number of 
electrons to be ejected and the proper stop pin,-places, it is 
possible to calculate values which will agree with almost any 
observed edge. The only point possible to make here at 
present is that that these computed values agree rouglily with 
the structure found for iron. Thus the value for the Ki 
edge is but slightly under the value computed for the 
ejection of a K electron together with an Mn_iii electron ; 
the K 2 ^dge is somewhat less than the computed value for 
tiie ejection of a K electron with an Mi electron. Further 
comparison is hardly worth while until more elements are 
investigated and until causes for variation in the fine 
structure are found. 

From the multiple ionization viewpoint.one might expect 
to find an absorption corresponding to the simultaneous 
ejection of a K and an L electron. Many trials were made 
with difterent absorption-screens and varying period of 
exposure to show such an efiFect. Several plates were 
obtained which showed two faint edges in the proper loca¬ 
tion to correspond to the ejection of an Ln or Lm electron 
with the K electron. 

Kossel’s theory will now be compared with the results 
obtained. According to tables of electron configuration, it 
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The K JC~Ray Absorptimi Edge of Iron. 

would appear that the Nn level is the first one in which a 
K electron might stop if the selection rule is obeyed. The 
absorption of energy sufficient to remove the K electron to 
this level may be considered as the cause of the principal 
edge. The energy necessary to remove the electron from 
this Nil level to infinity ought to be in the case of metallic 
iron about equal to the first ionizing potential for cobalt. 
The first ionizing potential of cobalt is given by Sur * as 
slightly over 8*5 volts. This would be the width of the 
virtual orbit effect, and if the white line is thus explained, it 
should not be more than this width for metiillic iron. No 
evidence of a white line w'as found, but 8*5 volts would be 
equivalent to only about 0’2 mm. on our plates, and so narrow 
a white line miobt be practically obliterated by the radiation 
on either side. Applying the same reasoning to ^bivalent 
iron, it is found that the width of the white line should 
correspond approximately to the third ionizing potential of 
cobalt, which we are probably safe in assuming is not over 
155 volts. This would be equal to a width of 8*5 x.u. If we 
ignore the division of the white line in the case of pyrite and 
arsenopyrite by the faint Ki' edge, then the entire width of 
the white line is about 7 x.u. The intense portion of the 
white line is much narrower than this. 

Similarly, the limits for the virtual orbit effect for trivalent 
iron would be about equal to the fourth ionizing potential of 
cobalt, which we assume is not fnr from 50 volts. This is 
much greater tlian the observed width of the white line for 
trivalent iron. A width of 50 volts would reach about as 
far as the Kj edge. 

It may be, however, that the white line is only another 
manifestation of multiple ionization, since the second ejected 
electron might also stop in one of the innermost unoccupied 
orbits. We could then think of the principal K edge as 
corresponding to a complete ejection of a K electron, and of 
the white line as the additive effect of M electrons, moved to 
higher levels. This view' of the principal edge, however, is 
not in conformity with the low values of A v/R for the 
interval between the Li edge and the Ly^ line obtained by 
Miss Chamberlain and Lindsay f- Andrewes, Davies, and 
Horton X are also of the opinion that the principal absorption 
edge corresponds to the removal of the electron to the first 
possible unoccupied orbit. 

^ Sur, Phil. jNIag. iv. p. 30 ( 1927 )* 

t Chamberlain and Lindsar, Pbys. Rev. xxx. p. 369 (1927). 

J Andrewe«, Davies, and Horton, Roy. Soo. Proc. cx. p. 64 (3926). 
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Summary, 

The multiple structure for iron, both as a metal and in 
compounds, has been demonstrated to extend over a range 
considerably greater than that of any structure previously 
reported. The magnitude of this range is best explained 
by simultaneous ejection of electrons from outer orbits 
together with the K electron. KosseFs hypothesis appears 
satisfactory only as a possible explanation of the white-line 
absorption. As has been found previously, the principal 
edge shifts to shorter wave-lengths as the valence increases. 
The effect of valence on the multiple structure is small. 
When bivalent and trivalent iron are mechanically mixed, 
the expected superposition of the two patterns can be 
detected, but when the two valencies were in the same 
chemical compound, as in lepidomelane, no such overlapping 
could be found. 

University of Michigan, 

Ann Arbor, Michigan. 

June 1928. 


XC. Measurements of the Velocity of Sound in Air ^ Nitrogen^ 
and Oxygen^ laitli special reference to the Temperature 
Coeficients of the Molecular Heats. By W. G. Shilling, 
M.C.^ JJ.Sc., and Prof J. R. Partington, M.B,E.,I).Sc.^ 

T he method of experiment and the apparatus used are 
essentially the same as those described in a previous 
communication f. Except in a few matters of detail, no 
further description is necessary. Description of the deter¬ 
mination of the tube constant has necessarily been amplified 
in reply to adverse criticism of previous work t. 

Preparation of the Gases, 

Air. —The method of purification of the air used in the 
experiments is described in the previous communication §. 

Nitrogen. —Nitrogen, containing as impurities only 0*3 
per cent, (by volume) of oxygen and 0*1 per cent, helium 
and neon, was obtained from the British Oxygen Compan 3 ^ 


♦ Communicated the Authors, 
t Phil. Mag. iii. p. 273 (1927). 
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The oxygen was removed by passage over reduced copper 
heated in a small electric furnace. The rare gases were not 
removed. The gas was dried by stick sodium hydroxide and 
phosphorus pentoxide. 

Oxygen .—Electrolytic oxygen containing only 0'2 per 
cent, hydrogen was obtained from the British Oxygen 


Table L 

Gases at Room Temperature. 


i 

No. 

Air 20=" 0. 

l^itrogen 19*5° C. 

Oxygen 

23-6'^ 0. 


: Length. 

X/2 ci». 

Length. 

X/2 cm. 

Length* 

y\/2 em. 

i G . 

34*05 

5 675 





7 . 

39*65 

5-664 

— 

— 

— 

_ 

; 8 . 

45-40 

5-675 

46 20 

5-775 

— 

_ 

9 . 

51-00 

5-6 6 

52-00 

5-777 


— 

i 10. 

56-60 

5-659 

57-80 

5-780 

54-40 

5-440 

11. 

62-25 

5-663 

63-50 

6-773 

59*80 

5*436 

12 . 

68-05 

5 665 

69-35 

5-778 

65-20 

6-433 

13 . 

73-65 

5-671 

75-10 

5-777 

70-55 

5-427 

14 . 

79-40 

5-673 

80-85 

5-775 

76-00 

6428 

15 . 

85-lU 

5-673 

86-65 

5-776 

81-40 

5*427 

16 . 

90-75 

5-672 

92-50 

5-781 

86-80 

5-425 

17 . 

96-45 

5-673 

98*20 

5-776 

92-25 

5-426 

18 . 

102-10 

5-672 

104-05 

5-780 

97-70 

6-428 

19 . 

1 107-80 

5-673 

109-70 

5-774 ; 

103-15 

5-429 

20 . 

i 113-45 

I 5*672 

115-50 

5-775 

108*60 

5-430 

21 . 

119*15 

5-673 

121-25 

5-774 , 

114-00 

5-429 

22 . 

124*85 

5-675 

1 127 00 

5-777 ! 

lli-40 

5-427 

23 . 

130 65 

j 5-680 

1 132-80 

5-774 

125-00 

5-434 

24 . 

136-25 

5-677 

1 138-70 

5-779 

130*40 

5-433 

25 . 

141-85 

5-674 

— 

— 

135-80 

5-432 

26 . 

1 — 

— 

— 


141-40 

5*438 

Means.. 

5-671 

5-776 j 

5-431 


Company. The hydrogen was removed by passage over 
heated platinized asbestos, and the gas then dried by calcium 
chloride and phosphorus pentoxide. 

Measurements were then made, as described in the previous 
paper, at temperature intervals covering the range from room 
temperature up to 1100® C. Tables I. to III. give typical 
sets of measurements. The mean cold-junction temperature 
is given at the top of the table. The three columns for each 
gas contain the number of half wave-lengths, the corre¬ 
sponding mean half wave-length, and the temperature in 
PJiiZ. Mag* S. 7. Vol. 6. No. 38. BuppL JNov. 1928. 3 O 
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Table II. 

Gases at about 460° C. 


No. 

Air 17-6° 0 

1 

Nitrogen 17*4° C. 

Oxygen 19*9° 0. j 

J 

X/2 cm. 

M.V. 

^ X/2 cm. 

M.V. 

X/2 cm. ’ 

.i 

M,V. ■ 

0 


3*920 


3*798 


3*930 ' 



_ 

8*898 

3*762 

8-370 

3*965 ! 

6 .... 

8'810 

3-974 

8*889 

3*882 

8-367 

3-985 ! 

7 . 

8-815 

3-974 

8-887 

3-862 

8-368 

3*985 j 

i 8 . 

8-817 

, 3 935 

8*894 

3-864 

8*374 

3*995 

j 9 . 

8-820 

1 3*980 

8‘895 

3*890 

8-378 

3*965 ; 

■ 10 

8-825 

4-005 

8*897 

3-870 

8-373 

3*955 I 

11 . 

8 828 

; 4-005 

8-901 

3*844 

8*382 

3-920 1 

12 .. 

1 

8*830 

3975 

! 

! 


8-380 

3-970 j 

Means... 

8-821 

3-971 

i 8-894 

3-846 

8-374 

3-963 ' 

O.J. ... 


79 

! 

78 


90 , 

Temp.... 


4*050 

1 

3*924 


1 4-053 j 



460° 0. 

i 

446<^C. 


460°0. ' 


Table III. 

Gases at about 980° C. 



Air 15-8° O. 

Nitrogen 17*2° C. 

Oxygen 20*2° 0- ^ 

No. 







X/2 cm. 

M.V. 

X/2 cm. 

M.Y. 

X/2 cm. 

M.V. i 

0 . 

4 . 

1 5 . 

i 6 . 

7 . 

8 . 

9 . 

10 . 

11*319 

11*321 

11*324 

11*321 

11*330 

11*336 

11*332 

9*940 

9*950 

9*917 

10*016 

9*960 

9*910 

9 8*20 
9*800 

11*892 

11*910 

11*927 

11*930 

11*930 

11*918 

11*899 

j 

9*758 

9*760 

9*810 

9*960 

9*860 

9*8<50 

9*790 

9*785 

10*760 

10*764 

10*760 

10*803 

10*804 

10*784 

10*787 

9*800 1 
9*905 i 
9*930 ; 
9*950 i 
9*945 : 
9*900 
9*805 J 
9*815 

1 

Means... 

O.J. ... 

11*326 

9*914 

71 

11*915 

9-816 

77 

10*780 

.9*881 

93 

Temp.... 


9985 


9-892 


9*974 



981° C. 


973° C. 


980<=^a 
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millivolts respectively. At the foot of each table is added 
the cold-junction correction and the equivalent temperature 
in degrees centigrade. 

The velocities of sound shown in Table IV. have been 
calculated from measurements over the whole temperature 

Table TV. 

True Velocities of Sound in metres per second. 


Temp. °C. ■ 

\ 

Air- 

Nitrogen- 

Oxygen. 

0 .i 

331*4 



Room^. 

340*8 

347*6 

323*8 

100 .1 

387-2 

394-1 

367*4 

200 .1 

435*6 

443*3 

413-6 

300 .1 

478*9 

487*4 

454*8 

400 .1 

518*4 

527*5 

492*3 

500 . 

555*1 

564*7 

527*4 

600 .: 

589*3 

599*4 

559*9 

700 . i 

621*5 

632*3 

590*8 

800 .i 

651*7 

663*0 

619*8 

900 .j 

680*8 

692*3 

647*3 

1000 .1 

708*4 

720*6 

674*7 


* Room temperatures as follows : Air 15*7° O.; Nitrogen 16*7° O.; 
Oxygen 16*5® O. 

Table V. 


Values of the Physical Constants einplo 3 ’e(l. 


Constant. 


Gas. 



Air. 

Nitrogen. 

Oxygen. 

Molecular weight, M .. 

28*98 

28*02 

32*00 

Critical temperature, Tc ... 

132*6 

126*5 

154*25 

Critical pressure, . 

39-3 

33*0 

60-2 

Viscosity at 0® C., . 

0000176 

0-000167 

0*000193 

Density at 0° C., . 

0*001293 

0*001251 

0*001429 

6 = Kjcvri , ... 

1*772 1 

1*765 

1*867 

Ratio, Cpjc^ . 

i 1*403 ' 

1*405 

1*395 

Sutherland constant, S ... 

119*4 

113 

132 

Thermal conductivity, k. 

OO 4522 

0*0452 

0*6457 

Specific heat, (approx.) 

0*1701 

0*1760 

0*1582 

The gas constant, R . 

i 

f 8*3157 X W ergs per °C., or 

1 1*9875 cals, per gm. mole. 


3 0 2 
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range by the method already described* Table Y* gives 
the values of the various physical constants used in the 
calculation of the factors required to reduce the experimental 
results. 

If the constants in Table Y. are used, the values given in 
Table YI. are obtained. Equation numbers at the heads 


Fig. 1. 



of the columns refer to equations fully explained in the 
previous paper, Berthelot’s Equation of State has been 
used throughout. 

From the values given in Tables lY. and YI. the results 
given in Table YII. are obtained. 

The values of Gv are given graphically in fig. 1, which, in 
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Table VI. 

Constants for Air, Nitrogen, and Oxygen. 


Temp. 

Air. 

Nitrogen, 

Oxygen. 

°oc. 



Eqn. 

0 

Op-Op 

Eqn. 

0 

Cp-Cp 

Eqn. 


by (2). 

by (3). 

811. 

by (2). 

by (3). 

811. 

by (2;. 

by (3). 

811. 

0 ... 

1-00072 

1-997 

_ 

1-00057 

1-998 

0-52 

1-00145 

1-999 

_ 

Boom *. 

1-00044 

T996 10-561 

1-00020 

1*996 

0-.56 

1-00105 

1*998 

0-565 

. 100 ... 

0*99969 

1-991 

0-707 

0-99956 

1*991 

0-700 

1-00003 

1-99-2 

0-709 

200 ... 

0-99947 

1-989 

0-867 

0-99935 

1-989 

0*859 

0-99967 

1-990 

0-861 

300 ... 

0*99944 

1-989 

1-020 

0-99933 

' 1-988 

1-008 

0-99957 

1*989 

1-026 

400 ... 

0-99945 

1-988 

1*165 

0-99937 

1-988 

1-151 

0*99956 

1-988 

1*161 

500 ... 

0-99949 

1-988 

1-306 

0-99941 

1*988 

1*289 

0-99957 

1*988 

1*317 

m ... 

0-99953 

1-988 

1-442 

0-99946 

1-988 

1*432 

0-99960 

1-988 

1-465 

700 ... 

0-99956 

1-988 

1-573 

0-99950 

1*988 

1-553 

0*99962 

1-988 

1-590 

800 ... 

0-99959 

1*988 

1-702 

0-99954 

1*987 

1-679 

0-99965 

1-987 

1719 

900 ... 

0*99962 

1-987 

1-827 

0-99967 

1-987 

a-803 

0-99967 

1-987 

1-847 

1000 .. 

0*99965 

1-987 

1-960 

0-99960 

1*987 

1-923 

0-99969 

1-987 

1-971 

1100 ... 

0-99967 

; 1-987 

2-070 







1200 ... 

0*99969 

1-987 

2*188 







1300 ... 

0-99971 

1-987 

2*304 








w Boom temperatures as giren in Table IV. 
t See p. 293 of the previous communication. 


Table VII. 

C», Cp and Cr/Op for Air, Nitrogen, and Oxygen up to 1000° C. 


Temp. 


Air. 



Nitrogen. 


Oxygen. 

°0. 


C . 

P 

Cp/Cp. 

Op. 





W- 

Boom *. 

4-952 

6-948 

1-4029 

4-923 

6*919 

1-4054 

5-049 

7-046 

1-3965 

100 ... 

4-978 

6-969 

1-4000 

4-948 

6-939 

1-4024 

5-072 

7-064 

1-3928 

200 ... 

5-006 

6-995 

1-3974 

4-987 

6-976 

1-3989 

5089 

7-079 

1*3910 

300 ... 

5-048 

7-037 ! 

1-3939 

5-019 

7008 

1-3962 

5-120 

7-108 

1-3884 

400 ... 

5-087 

7-075 1 

1-3908 i 

5-068 

7-C56 

1*3923 

5-168 i 

7-152 

1-3860 

500 ... 

5*117 

7*105 i 

1-3885 

5*111 

7-099 

1-3890 

5-174 

7-162 

1-3842 

600 ... 

6-156 

7-144 ! 

1-3866 1 

5-148 

7*136 

1-3861 

5-216 i 

7-204 

r-3811 

700 ... 

5-190 

7-178 i 

1-3830 

6-177 

7-165 

1-3839 

5-232 

7-220 

1-3799 

800 ... 

5-246 

7-234 i 

1-3789 

5-234 

7-221 

i 1-3797 

15*270 

7*258 

1-3771 

900 ... 

5*280 ! 

7-267 1 

1-3764 

5*282 

7*269 

1-3763 

15-310 

7*297 

1-3742 

1000 ... 

5-323 

7-310 ' 

1-3734 

5-317 

7*304 

1-3738 

j 6-335 

1 _ 

7*322 

1*3721 


* Boom temperatures as given in Table IV^ The results are in all cases given 
to one place of decimals further than that for which validity is claimed. 
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the case of air, shows also the results of some further 
measurements to be described later. 

From the smoothed curves of fig, 1 the following values 
(Tables VIII. and IX.) have been deduced :— 


Table VIII. 

Molecular Heats at Constant Volume. 


Teuip. °0. 

Air. 

Nitrogen. 

Oxygen. 

* 0 . 

4-951- 

4*92 


Eooiii *. 

4'9.> 

4*92 

506 

100 . 

4*98 

4*95 

507 

200 . 

.501 

4*99 

5*09 

300 . 

5-04 

5*02 

5*12 

400 . 

508 

5*06 

5*15 

500 . 

5*12 i 

5*10 ' 

5*18 

600 . 

5*16 

6-14 

5**21 

, 700 . 

5*20 

518 

5*24 

800 . 

5*24 

5*22 

5*27 

1 900 . 

5*28 

5*27 i 

5*30 

1 1000 . 

5*33 

5*32 

5*34 

1 1100 . 

5-39 

— , 

— 

1 1200 . 

5*40 

— t 

— 

1300 . 

5*54 

— 

— 


Table IX. 

Molecular Heats at Constant Pressure. 


Temp. °0. 

Air. 

Nitrogen. 

Oxygen. 

0 . 

6*941* 

6-92 


Room *. 

6*95 

6*92 

7 05 

100 . 

6*97 

6*94 

706 

200 . 

7*00 

6*97 

7*08 

300 . 

7*03 

7*01 

7*11 

400 . 

7*07 

705 

7*14 

500 . 

7*11 

7*09 

7*16 

600 . 

7*15 

713 

7T9 

700 .. 

7*19 

7*17 i 

7*23 

800 . 

7*23 

7*20 i 

7*26 

900 . 

7*27 

7*26 

7*29 

1000 . 

7 32 

7*30 

7*32 

1100 . 

7*38 

— 

— 

1200 . 

7*44 

— ; 

— 

1300 . 

1 

7*53 

- ; 

— 


* E-Oom temperatures as given in Table TV. 
t From the assumed velocity at 0° C.; V=331‘4 m./sec. 
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Measurements at Temperatures above 1000^ C. 

Experimental data for specific heats in the temperature 
region between 1000° 0. and 2000° C. are very scanty. 
Above this temperature interval measurements can be made 
by explosion methods. Apparatus can be devised so that 
most of the other methods of experiment may be used for 
moderate temperatures approaching 1000° 0* 

A furnace capable of being maintained at temperatures 
over 1000° C. is obviously the only modification required 
before the method already described can be extended. 
Attempts were first made to use alundum tubes with 
windings of pure platinum. These failed for several 
reasons, although results, tabulated later, were obtained 
from 700° 0. to 1100° C. 

It was impossible to obtain alundum tubes in lengths 
greater than three feet. The consequent joints and the 
high coefficient of thermal expansion of alundum caused 


Fig. 2. 



mechanical difficulties too great to be overcome in a furnace 
six feet long. In addition, alundum is so extremely porous 
that it is necessary to surround the alundum tube containing 
the gas with an outer jacket of fireclay, so that the furnace 
tube could be surrounded by a layer of the gas under investi¬ 
gation. A further drawback was the roughness of the inner 
walls of the furnace tube. Until these had been polished 
with a carborundum mop it was impossible to make satis- 
factorj’' measurements. The intensity of the sound-waves 
was reduced almost to nothing by the time they had reached 
the centre of the furnace. At a temperature just above 
1100° C. the forces of expansion caused the inner tube to 
fracture in several places. The furnace was dismantled and 
a new one designed to incorporate several improvements 
suggested by experience. 

A section of the new furnace drawn to scale is shown 
in fig. 2. The central tube. A, is 2100 cm. long, has a bore 
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of 4 cm. and a wall thickness of 0*5 cm. It was made of 
Pythagorascompo ” by W. Haldenwanger of Spandan. 
The tube had a smooth semi-glazed inner surface, was per¬ 
fectly straight, of circular cross-section, and would stand a 
working temperature of 1650® C. At 1200^ 0. it is prac¬ 
tically impervious, even to hydrogen. Hence it was 
unnecessary to surround the tube with an atmosphere of the 
gas under investigation. The ends could therefore be left to 
slide freely in fireclay collars, D, D, so that no strain due 
to expansion or contraction occurred. 

Surrounding this tube was a three-inch bore tube, 0, of 
alundum which carried a second, booster, winding of plati¬ 
num. Alundum was employed here because this tube, which 
was in two lengths, was recovered intact from the previous 
furnace. Recesses in the collars, D, D, supported the ends 
of this tube concentrically with the inner tube whilst the 
junction of the two pieces was carried by a fireclay ring, E. 
Surrounding and supporting the whole was a heavy fireclay 
tube, G, of six-inch bore made by the Morgan Crucible 
Company of Battersea. This outer tube was in three sections 
supported by asbestos brick pillars, H, H, at the junctions. 
Each section was slit longitudinally into two halves to 
facilitate assembly of the furnace. 

The resistor of the furnace was pure platinum ribbon of 
cross-section 1 in.x O’OOl in. To wind the inner tube, two 
lengths of twelve feet of this material were used, the central 
ends being brought out to a common terminal. For the 
loan of this platinum and for making necessary repairs we 
are much indebted to Messrs. Johnson & Matthey. 

Splitting the windings enabled the temperature of each 
half of the furnace to be adjusted independently and current 
to be used economically. Leads from the ribbon consisted 
of six strands of 26 S.W.G. platinum wire welded in six 
different places to the end inch of the ribbon. The six wires 
were twisted together and brought out as one wire, which w^as 
long enough in all cases just to extend for one inch beyond 
the outer fireclay tube. To extend these leads to terminals 
on the outer furnace casing, copper rods 3/8 in. diameter were 
used, the platinum being clamped into a hole drilled for one 
inch into the end of the rods„ The sectional drawing shows 
how" the windings and leads were spaced. An accurately- 
measured spacing of 5/16 in. between turns was allowed on 
all windings. 

The cascade winding on the alundum tube consisted of two 
lengths of 10 ft. in. and one length of 20 ft. 9 in. of ribbon 
similar to that used on the inner tube. The long length 
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covered the centre half of the furnace, whilst the two end 
quarters were separately wound. Experience had shown 
that with such an arrangement of windings uniform 
temperatures could be obtained along the whole furnace 
tube. More heat is required near the ends of the furnace 
to balance the greater heat-loss. The leads were made 
exactly as for the centre heating coils, and are shown in 
fig. 2. 

As a further control to balance end-losses, two heaters of 
nichrome strip wound on alundum formers were inserted 
near the ends of the furnace. These are not shown on the 
drawing, but each was wound on a former measuring six 
inches long and having a bore of five inches. This was 
fitted over the alundum tube carrying the second platinum 
winding, but inside the fireclay tube. Each heater was 
wound with about six yards of 0*0625 in. X 0*006 in. nichrome 
strip, and was capable of dissipating 400 watts per second. 

The platinum windings were coated with a thin cement of 
pure alundum, dried and recoated, the operation being re¬ 
peated until a uniform coating several millimetres in 
thickness was obtained. The annular spaces between the 
inner and central, central and outer tubes were filled with 
alundum grain. In the previous furnace the space next to 
the outer fireclay tube had been left filled only with the gas 
under investigation. This was done partly to prevent con¬ 
tamination by the atmosphere of the gas used, and partly to 
ensure more uniform distribution of temperature by convec¬ 
tion and diff’usion efEects. It was found, however, that the 
furnace functioned much better when the second set of 
windings was well lagged. 

The whole core of the furnace was held concentrically in 
a large rectangular outer casing by means of the asbestos 
brickends, M, M. The outer casing (2 ft. 6 in. X 2 ft. 6 in. 
X5 ft. 4^ in.) consisted of a heavy iron frame lined with 
uralite boards. The whole of the remaining space inside the 
box was filled with lumps of crude bauxite. Owing to the 
weight of lagging—nearly one ton—the bottom framework 
of the furnace must consist of I-iron of cross-section at 
least 4 in. X 2 in. It was found that L-iron slowly twists 
and sags, with consequent strain on the furnace tube. 

A twelve-kilowatt, low-voltage, shiint-wmund dynamo 
supplied the energy for the furnace. Each of the five 
platinum heating-coils was arranged in a separate circuit, 
with the exception of coils Wi and (see fig. 2), which were 
run in series. When necessary a shunt resistance could be 
placed across one of these coils by direct connexion to the 



930 Dr. W. G. Shilling and Prof. J. R. Partington on the 

furnace terminals. Adjustment of the end temperatures 
was, however, more easily effected by using the nichrome 
end boosters, which could be run from the 240-Yolt D.C. power 
circuit. Each platinum winding had as a controlling resist¬ 
ance a six-step series of one-ohm coils in series with a six- 
step vernier which had a total resistance of one ohm. The 
resistances were made of 12 S.W.G. nichrome wire. This 
tine adjustment of the resistance, together with the variable 
voltage of the dynamo, gave excellent control of the furnace 
temperature. A total of 3'3 kw. was required to reach a 
uniform temperature of 1000^ C. throughout the furnace 
tube. 

Temperature measurements were made by means of a 
Foster Optical Pyrometer of the disappearing filament type. 
Experiments kindly undertaken for us by the Foster Instru¬ 
ment Company of Letchworth feho^^ ed that the instrument 
would record tempejatures accurately if sighted down the 
piston tube and focussed on the piston lace. When the 
piston is pushed into the furnace, it is necessary to read a 
temperature near the left-hand side of the furnace (see fig. 2) 
whilst sighting through the central part of the fninjace. The 
latter is generally at a slightly higher temperature tlian that 
of the ends of the furnace. Messrs. Foster & (Company 
carried out experiments on a disk maintained at 850® C. 
Direct readings v\ere made and also readings when the 
pyrometer was sighted through a tube six feet long and 
one inch bore, wdth its central part maintained at 1200® (^ 
Both readings were the same, as w^as also the reading 
through the tube after it had been cooled down. Tlie 
differences of temperature used in these experiments were 
very much greater than any which w^ould normally occur. 
It w^as found, however, that a tube of six feet length should 
not be less than j-inch bore if the readings were to be con¬ 
sistent. The piston tube, B (fig. 2), w^as therefore designed 
to have a bore of 24 mm. The wall thickness was 4 mm. 
and the length 2 metres. It was made of Pythagorascompo, 
and the piston head, P, was formed and imule in one piece 
with the tube. As in the previous work, the face of the 
piston was made as thin as possible to reduce the tem|)erature 
lag of the back upon which the pyrometer was sighted. 

The pyrometer and the open end of the piston tube were 
rigidly fixed to a sliding platform, so arranged that the 
pyrometer was always focussed on the back surface of 
the piston face. The whole platform was arranged to slide 
by means of a three-point bearing on two steel rods placed 
parallel to the axis of the furnace. A pointer attached to» 
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the platform showed the scale-reading corresponding to the 
position of tlie piston in the furnace. 

The end fittings of the furnace were of the same pattern 
as those described in the previous communication *. The 
only difference was that the piston fittings had to be 
enlarged. Water-cooling was arranged on the syphon 
system from a ten-gallou drum placed on top of the furnace. 
This was done to be independent of an intermittent water- 
supply. 

VVith the silica apparatus, contraction of the piston rod 
as it was pulled out of the furnace could be neglected. 
A maximum correction of 0*7 mm. would be necessary if 
the whole 1*5 metre length of the piston wrere pulled out at 
1000^ C. and cooled to 20^ C-, assuming the coefficient of 
expansion of silica to be 5*0 x 10“^. At the higher tempera¬ 
tures the full length of the scale could not be used, so that 
the maximum correction would be of the order 0 5 mm., 
w^hich is the limit to which measurements could be made at 
these temperatures. 

The coefficient of linear expansion of alundum is 4*8 x 
and that of pythagoras material is of the same order. The 
necessary correction was made directly at each reading, 
since a known length of the tube w^as pulled out. 
After passing the water-cooled gland and remaining 
exposed to the air for the time required for each measure¬ 
ment, the rod was practically at room temperature. The 
temperature drof) was assumed to be from the temperature 
actually measured at the particular point down to room 
temperature. Since all the movements are of the same 
length and the variations in temperature along the furnace 
are small, this method gives the corrections to well within 
the required limits. The cooled length w^as measured from 
the gland to the reading index. On the furnace side of the 
gland the temperature equilibrium remains the same through¬ 
out a series of measurements, so that no contraction or 
expansion of the rod occurs in this region. This assumption 
is based on the behaviour of the telephone end of the furnace, 
where any disturbance of temperature equilibrium would be 
shown by a changed zero reading. This point has been fully 
discussed elsewhere t. 

The makers state that the coefficient of linear expansion 
of pythagorascoinpo is the same as that of hard porcelain. 
Mellor and also Eieke state that the higher the firing 

* Phil. Mapr. iii. p. 273 (1927). 
t ^ee j). 283 of the previous coniuHinication. 
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temperature the lower is the coefficient o£ expansion of 
porcelains. Figures given by Holborii and Griineisen^ 
-Bedford, and Rosenthal for Berlin porcelain vary between 
3’03 X and 3*6 x 10''®, whereas Scheel gives 2*8 x 10''®. 
A value of 3*5x10""® has been taken for our calculations, 
cilice the coefficient of expansion increases slowly with 
temperature, but will probably be slightly lower than that 
of hard porcelain, since pythagorascompo is fired at a very 
high temperature. 

The maximum correction from room temperature to the 
maximum temperature reached (just above 1300^ 0.) is 
therefore about 6*8 inin. for the pythagorascompo tube and 
about 9*0 mm. for the ulundum tube, allowing contraction 
on the full 1*5 metre length. The need for these corrections 
is obvious. 


Results^ 

After initial calibrations of the furnace tube, experiments 
with both tlie alundum and the pythagorascompo furnaces 
were begun at 700° C. to obtain an overlap to the temperature 
region already explored. 

Measurements with the alundum tube had only progressed 
as far as 1100° C. when the furnace tube collapsed under the 
strain due to expansion. 

Tlie second I'urnace tube ivas quite successful, and measure 
ments had been made up to 1300° C., when the piston tube 
was accidentally broken. Owing to labour troubles in the 
German porcelain industry a long wait for replacements 
ensued, so that it is thought advisable to publish results as 
far as they go. There seems to be no reason why this method 
of experiment should not be successful to the limit of the 
apparatus. The furnace tube will stand a working tempera¬ 
ture of 1650° C., and may even be used for a short time up 
to 1700° 0. With a closely-adhering layer of alundum 
cement to prevent volatilization, the platinum should remain 
intact at 1650° C. 

Table X. compares the velocities of sound obtained : 

1. In the old silica furnace. 

2. In the alundum furnace. 

3. In the pythagorascompo furnace. 

The corresponding values of are tabulated in Table XI. 
and are compared graphically in fig. 1. 

Of the three series that with furnace 2 is considered the 
least reliable, since only a few sets of measurements were 
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taken before the furnace collapsed. Final values of and 
Cp have been added to Tables VIII. and IX. 

Fig. 1 shows the excellent agreement between the three 
independent sets of measurements. There is a tendency for 
the values of to rise more sharply from 1000° 0. upwards. 
This is confirmed by the values calculated by one of the 
authors * from considerations of gaseous equilibria. The 

Table X. 

True Velocities of Sound in Air in metres per second. 


Temp. °C. 

1- 

2. 

3. 

700 . 

621*51 

621-57 

621-42 

800 . 

651-71 

651-71 

651-75 

900 . 

680*77 

680-74 

680-70 

1000 . 

708-42 

708*24 

708*36 

1100 . 

— 

73140 

734*39 

1*200 . 

— 

— 

759*54 

1300 . 

1 - 

— 

783*18 j 

1 


Table XI. 
Values of for Air. 


Temp. °0. 

1. 

700 . 

5-190 

800 . 

5-246 

900 . 

5*280 

1000 . 

5-323 

1100 . 

— 

1200 . 

— 

1300 . 

— 


2. 

3. 

5-187 

5-197 

5-246 

5-243 

5**282 

5-284 

5-331 

5-326 

5-394 

5-393 

— 

5*453 

i 

5-544 


curve of fig. 1 is similar to those for oxygen and nitrogen in^ 
fig, 2 of the above reference. 


The Tube Correction. 

Our method of calculation has recently been criticised by 
Cornish and Eastman f, who state that our results are worth¬ 
less unless recalculated. They state that an explanation of 

* Trans. Far. Soc. xxii. p. 377 (1927). 
t J. A. 0. S. I, p. 627 (1928). 
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the results may be that our frequency was not correctly 
determined. As has already been described"^, the frequency 
of our oscillator was determined for us at the National 
Physical Laboratory. A cop}" of the tables of results 
included with the certificate is set out in the reference given. 
In addition, a steel bar standard was made up and calibrated 
at the National Physical Laboratory. This standard had a 
frequency very near that of the oscillator. Tlie exact fre¬ 
quency of the latter could be estimated to one part in ten 
thousand in a few seconds by comparison with the steel 
standard. The standard wave-meter referred to was used to 
check the approximate frequency before the oscillator was 
sent to be calibrated. 

In the later work with the alundum and pythagorascornpo 
furnaces, the oscillator was modified in detail and all switches 
excluded. The changes reduced the total capacity of the 
< 5 ircait, causing the frequency to rise slightly. For the new 
frequency another steel standard was prepared. The oscil¬ 
lator used by Cornish and Eastman is essentially the same 
as ours except that less precautions were taken to ensure 
constant frequency. They used ordinary wireless condensers 
to obtain their capacity. These are relatively unstable and 
usually have a considerable temperature coefficient. No 
mention is made of any precautions taken to ensure a con¬ 
stant inductance. The calibration tables for our instrument 
showed that it is essential to maintain the anode current of 
.the valve constant it a constant frequency is necessary. 
For this purpose we included a vernier resistance and a 
milliameler in our filament circuit. In ('Ornish and East- 
man^s work this }>oint seems to have been overlooked. 
Cornish and EastmaiFs determination of frequency seems 
to involve the counting of beats up to a possible maximum 
of 600 in two minutes. We have not attempted to count 
this number of beats in the time stated. 

Since the tube correction in Cornish and Eastman’s work 
agrees, by coincidence, with the theoretical equation given 
by Kirchhoff and Helmholtz, the former workers claim 
‘‘overwhelming evidence ” that the equation is universally 
true. Only a summary of the evidence against this claim 
need be given here, as the fallacy of the Kirchhoff-Helm- 
holtz equation is too well established to need discussion. 
There is no evidence in the literature that large amounts of 
dust were used, as stated by Cornish and Eastman, unless 
for the express purpose of determining the effect of large 

* Phil. Mag. iii. p. 273 (1927 ) (see p. 279 for tables). 
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excesses o£ dust. Kundt * * * § introduced up to 10 gm. of lyco¬ 
podium powder in some of his experiments. The effect of 
excess dust is quite small. Schneebeli f? Seebeck Kayser §, 
Muller II, and Sturm IF all obtained proof that the law of 
KirchhofF and Helmholtz does not hold. In addition, we 
have Kirchhoff’s own admission that the law could not hold 
unless the tube were perfectly smooth. Thiesen has given 
a special treatment for the case of closed resonators, The 
factors obtained by Dixon and his co-workers ft also show 
that the Kirchhoff-Helmholtz equation has no general appli¬ 
cation. Finally, our own.work on this subject has satisfied 
us that the only possible way to obtain an accurate tube 
correction is to determine it experimentally. This we have 
done throughout all our work, a point which Cornish and 
Eastman have ignored entirely. 

To determine this correction the wave-length of sound in 
pure air at an accurately-measured temperature at, or near, 
that of the room is determined. Since the frequency of the 
note is known, the product frequency X wave-length gives 
the apparent velocity of sound in air at the measured 
temperature. Great care must be taken to measure actually 
the temperature within the furnace tube, since the amount 
of lagging round the furnace renders it useless simplj^ to 
measure room temperature. The lagging renders the tube 
immune from sudden small changes in room temperature. 
A calibrated thermometer pushed down the piston tube was 
used to measure this temperature. A thermometer with 
moderate lag was chosen so that in the few seconds required 
to withdraw it and read the temperature the error could not 
be greater than 0’1° C. 

The true velocity of sound in pure air at the measured 
temperature was then calculated from the velocity at 0^ C. 
on the assumption that velocities are proportional to the 
square root of the absolute temperature. Strictly speaking, 
the velocities are proportional also to Vy, but the difference 
for such small temperature differences is negligible. Hence 
the difference T7'ue Velocity—Actual Velocity is accurately 
known. 


* Pogg, Annalen, cxxxv. pp. 337 & 527 (1868). 

t Pogg. Annalm^ cxxxvi. p. 296 (1869). 

J Pogg. Annalen, cxxxix. p. 104 (1870). 

§ Ann. Fhys, ii. p. 218 (1877), 

II Ann. Phys, xi. p. 331 (1903). 
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Our tube correction is of the form * 

v' = vri-c/c],.(1) 

where 


the measured velocity in the tube, 
V = the true velocity in free air, 
k = the tube constant, 

€? = a factor given by 



^0 = the viscosity at 0® C., 
po = the density at C., 

T = the absolute temperature, 
t = the temperature in degrees centigrade, 

8 = the Sutherland constant, 

€ = K\7]Cn = thermal conductivity/(viscosity x sp. ht.), 
ry = Cp/C» = the ratio of the specific heats. 

Helmholtz and KirchhoflFf represented the velocity of sound 
in tubes by 

r = V[l-c/2r^/‘(^], .... (3) 

where 

V = the true velocity in the free gas, 

V'=: the velocity in the tube, 

N = the frequency of the note used, 
r = the radius of the tube. 


Helmholtz states that the constant c is the viscosity of the 
gas, but, according to Kirchhoff, c depends on the heat- 
exchange between the gas and the walls of the tube, and may 
be represented by 

6- = v' H + [V/6 - 6/V] 

in which 

6=the Newtonion velocity of sound, and /8 = /^//orv, 

where t) is the coefficient of viscosity, k the coefficient of 


* See ^ Specific Heats of Gases,’ pp. 60-66. 
t Pogg. Annalen, cxyxiv. p. 177 (1868). 
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th^mal conductivity, p the density of the gas, and the 
specific heat at constant volume. Substituting these values 
for a and /8 above, writing e^tclr)Cv^ and remembering that 

v/6 = v'tyo. = Vt, 

we have 

c= ... (4) 

The variation of rj with temperature is then assumed to be 
given by Sutherland's equation and the density to be in¬ 
versely proportional to the absolute temperature. When 
these additions are made, equation (2) above is obtained. 
This equation, which is Kirchhoff’s equation neglecting only 
the effect of r and of N, takes no account of the nature of 
the inner surface of the tube nor of the thermal properties 
of the material of which it is made. Sturm (loc. cit-) 
showed definitely that the material ot which the tube is 
made affects the velocity of sound in it. The experimental 
constant k (equation (1)) is necessary to correct for the effect 
of the various factors which cannot be determined theoreti¬ 
cally. The assumption must then be made that the tube 
correction does not depend on the temperature. This 
assumption admittedly contains the weakness that the 
thermal conductivity of the tube, and hence the heat-ex¬ 
change between it and the gas, may change witli tempera¬ 
ture. Tlie difference must be extremely small, but it is 
unfortunate that sufficient thermal data are not available to 
apply the correction. It seems reasonable to assume that 
the nature of the inner surface of the tube does not change 
at temperatures well below the softening point of the material 
of which it is made. 

For the various tubes used the following values of k were 
found :— 


Tube. A. B. C. D. 

k . 0-0168 0-0186 0-00713 0-00136 


Tube A. The short silica tube first used (see Trans. Far. 
Soc. xviii. p. 386, 1923). With this furnace an oscillator 
having a frequency of 2947 vibrations per second was used. 

Tube B. The long silica tube used for experiments up to 
1000^ C. (see Phil. Mag. iff. p. 273, 1927). The frequencies 
used in these experiments were between 2992 and 3006 per 
second, changes being due to renewal of valves. Each fre¬ 
quency was accurately determined for a given anode current 

* PhO. Mag, xxxvi. p. 607 (1893). 

Phil* Mag* S. 7. Vol. 6. No. 38. Suppl, Nov* 1928. 3 P 
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by the steel bar method as recommended by the National 
Physical Laboratory* In the experiments on steam, described 
in the last communication, the tube constant was found to 
have changed slightly. The change, which was the only one 
ever recorded throughout this work, may be ascribed to the 
fact that steam was the last of a series of six gases to be 
investigated in the same tube. The constant used was 
0*0180 instead of 0'0186. 

Tube C. The alundum furnace tube, using a frequency of 
2992. 

Tube D. The pytliagorascompo tube, used with slight im¬ 
provements to the oscillator and a change of frequency to 
3018*5 per second. 

The values of 0^,, plotted in fig. 1, show the results obtained 
with tubes B, C, and D. Tubes B and C have, respectively, 
correction factors approximately ten times and three times 
greater than that demanded by Kirchhoff^s formula, whilst 
that oE tube D is less than the theoretical value. From the 
excellent agreement of the final values of Ct, for the three 
tubes, we thus confirm previous workers’ conclusions that 
the Kirchhoff-Helmholtz formula cannot be applied 
generally. 

The differences in the tube constants can be explained 
qualitatively by a consideration of the nature of tiie tubes. 
The two factors mentioned by Kirchhoff probably account 
for the greater part of the differences. They are (a) the 
nature of the inner surface of the tube, (b) the heat- 
exchange between the tube and the gas. Tube B was or 
silica wiih a glazed inner surface, whilst the surface of C 
was very rough. Tube T) had a very uniform and smooth 
surface, but was not glazed as in the case of B. The thermal 
conductivities of the tubes B, C, D are respectively 0*00082, 
0*00833, and 0*00169. The measurements are comparative 
and are taken from the Norton Company’s handbook 
Thermal conductivity seems to play a relatively large part. 
Thus, the excellent surface of the silica tube B is more than 
counterbalanced by its very low thermal conductivity. Hence 
a large correction factor. With the alundum tube the thermal 
conductivity is very high, but the extremely rough and 
porous surface increased what would otherwise probably have 
been a very small factor. The pythagorascompo tube—a 
mixture of aluminium oxide and fireclay—had a conducti\ity 
probably greater than that given above, which is the value 
for fireclay. It had an excellent inner surface. Hence the 
very small correction factor. The metal tubes used by 
* ^ Norton Refractory Laboratory Ware/ 1926, p. 9. 
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Cornish and Eastman would have ^ery high thermal con¬ 
ductivity and presumably a fairly smooth surface* The tube 
correction thus might easily have coincided with the theo¬ 
retical value, but coincidence with theoretical values in a 
single piece of research work does not seem to us sufficient 
grounds for dismissing as entirely wrong the work of many 
previous investigators and for claiming overwhelming evi¬ 
dence in favour of the minority. Particularly does this 
apply when the limitations of the theory were pointed out 
by its originator. 

Summary. 

The molecular heats of air, nitrogen, and oxygen have 
been determined over a temperature 0° C. to 1000° C. by a 
method depending on the measurement of the velocity of 
sound in the chemically pure gases. Further measurements 
for air up to 1300° 0. are added, and a reply is given to 
criticism of the method of determining the tube constant. 

Cheniistry Department, 

East London College, 

University of London. 


XCI. The Effect of Refraction on Electron Diffraction. 

By h.V. Thomson, 

I N a very valuable and important paper on the diffraction 
- of electrons by thin metal films, E, Rupp f considers 
that his results can be best explained by attributing a 
refractive index to the metal for electron waves and calcu¬ 
lates its value in certain cases. These values have recently 
been used by Rosenfeld and Witmer t in a theoretical paper. 
While the hypothesis that a metal shows a refractive index 
for electrons is intrinsically probable, and seems by far the 
best way of accounting for some of Davison and Greriner^s 
experiments with reflected electrons, it appears that there is 
an oversight in Rupp^s method of calculation which greatly 
modifies the conclusions which can be drawn from his 
experiments. The problem is as follows:—Electrons are 
assumed to be guided by waves whose wave-length in free 
space is X = hjnw. They pass at normal incidence through 
a thin film of metal and are diffracted by the atoms of the 
crystals composing it, a pattern being formed analogous to 

♦ Communicated b}’' the Author, 
t E. Hupp, A7in, der JPhys. Ixxxv. p, 981 (19I?8). 
j Rosenfeld and Witmer, Zeit.f, Phys, xlix. p. 634 (1928). 
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a Debye-Scherrer pattern for X-rays. How will the pattern 
be modified if the wave-length in the metal is not X but \'=\l /4 
where is a quantity analogous to an optical refractive index ? 
When /*=! the electrons are reflected whenever they are 
incident on a crystal plane at an angle 6 satisfying Bragg’s 
law 

nX = 2dsin^, 

and a diffracted beam occurs with a deviation <f}=20. 
If /agfcl this becomes (fig. 1, a) 

n\Jfi=2dsind', 

and this is the relation (in my notation) which Rupp uses to 
find the new angle of reflexion. For the deviation he 





takes 20', and it is here that the error lies. If the wave¬ 
length is modified in the metal, there must, by Huyghen’s 
principle, be a bending of the rays on emergence. In the 
actual case where the incidence is normal there is no bending 
on entering the metal, but \ becomes X' and the deviation 
in the metal is 20\ which is the angle of incidence on the 
second surface. The angle of refraction <f>' is given by 

sin 20'. 


Comparing with the case where (1=1, 
sin 0/sin 0'=fi 

and 


sin <^'/sin <f>=fisin 20'}sin 20=cos 0'jcoa 0 

= —n®X®. 

Thus for 0, 0' small the effects compensate, and for larger 
angles the small effect is in the opposite direction to that 
given by Rupp’s calculation. 





941 


Refraction on Electron Diffraction. 


Ifc has been suggested that the diffraction actually observed 
in these and similar experiments occurs at the inner surfaces 
oE holes in the metal film (fig. 1, A). While holes are un¬ 
doubtedly present in the films I used, and may have occurred 
in Rupp^s films also (see, for example, SmekaPs paper in the 
^Transactions of the Volta Centenary ’ on the imperfection of 
crystals), it does not seem likely that these really play an 
important part. If the rays were really reflected from planes 
parallel to the inner face of one of these holes, the effect of 
refraction would be expressed by a formula found by 
Darwin ^ for the analogous case with X-rays, namely, 

Vi , 

sin 6 cos 0 


where is the new glancing-angle outside the metal, and 
1 is small. Now in my experiments f with electrons of 

the order of 40,000 volts, 6i was of the order thus 

50 


But Bragg's law held in its simple 
1 part in 50, thus 

The theoretical formula 


form to better than 


Vl + ^/E, 

where E the kinetic energy of the electron and ^ the 
potential of the metal, then gives ! < •? volt. This is 

very small compared with the 18 volts Ibund by Davison 
and Germer and with any theoretically probable value. 
In addition there is very little difference between patterns 
taken with my original films which had obvious holes, and 
with films which I have been using recently made bj^ 
spluttering, which appear quite continuous under the 
microscope. 

In criticizing Herr Rupp's calculations of the effect of the 
refractive index I should like to emphasize that I am not 
trying to minimize the importance of the exceedingly beau¬ 
tiful work he has done in showing that comparatively slow 
electrons can show well-marked diffraction patterns through 
metal films. The supposed effect of refractive index is only 
a few per cent, in any case, and Herr Rupp himself says 

• O. G. Darwin, Phil. Mag. xxvii. p. 320 (1914). 

t ‘Nature,’ cxx, p. 802 (1927); Proc. Boy. Soc. A, cxvii. p. 600 
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that it is on the limit of the accuracy of the experiments. 
The discrepancy left, when the calculation is made as indi¬ 
cated above, may perhaps be accounted for by a slight 
systematic error in the measurement of the electron relocities. 

Aberdeen, 

Sept. 27,1928 
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Handbucli der Radiologic : Vierter Band^ Dritter Teil. “ Gluh- 
electroden^'' von O. AV. Eiohabdsok; ^echnische Anwendung 
der Gluhelectroden^^^ von H. Kukop; Plammenleitung^^^ von 
Erich Marx. Zvveite Auflage. [Pp. xvi+724, mit 190 Jblguren 
und Abbildungen im Text.] (Leipzig: Akademische Verlags- 
gesellschaft m.b.H., 1927. Price, brosch. M.48; geb. M.50,) 

^HE third part of the second edition of Bd. iv. of the ‘ Hand- 
^ buch der Eadiologie’ comprises three monographs. The first 
is a translation, by Prof. A. Karolus, of Kichardson^s well-known 
work on the emission of electricity by hot bodies. This has been 
brought up to date where necessary by a 32 page appendix, con¬ 
tributed by E. Eupp. The second monograph, by Prof. Eukop, 
written for the new edition of the Handbuch, is an account of 
the technical applications of thermionic emission. It is naturally 
concerned to a large extent with the theory and the various 
practical applications of the triode valve and of tubes with special 
characteristics—tubes with multiple grids, tubes used in conjunc¬ 
tion with magnetic fields, &c. Extending to 138 pages, this 
monograph deals with the subject in a very comprehensive 
manner. 

The third monograph, by the Editor of the Handbuch, deals 
with the conduction of electricity in flames. Since the appearance 
of the first edition, the theory of temperature ionization, advanced 
by M. N. Saha to explain the phenomena of stellar spectra, has 
gained general acceptance. This theory was shown by H. A. Wilson 
and JNoyes to be applicable to the problem of conduction in flames. 
A full account of the theory and of its applications to electrical 
conduction in flames has been included in the new edition; the 
theory has enabled some matters, which were coniroversial at the 
time of the first edition, to be settled and the relevant sections 
have therefore been omitted. The monograph provides a valuable 
summary of the present position of practice and theory with 
respect to the phenomena of electrical conduction in flames. 

Although the process of subdivision has been carried further in 
the second edition than the first, there does not appear to be 
any particular advantage in publishing these three monographs in 
one volume. If each were obtainable separately the sales would 
undoubtedly benefit. 
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The Theory of Prohahility. Bj the late William Burnside, Sc.D., 

LL.D., F.B.S. [Pp. XXX4-106.] (Cambridge: At the Uni¬ 
versity Press. 1928. Price IO 5 . Qd. net.) 

The late Professor Burnside became interested in the theory of 
probability during the period of the war, his first paper on the sub¬ 
ject, published in 1918, being concerned with a military question. 
His interest in the subject grew, and other papers on topics related 
to the theory of probability appeared from time to time. Finally, 
he set out to prepare a systematic account of the theory. The 
draft was completed before a serioms illness in 1925 ; although it 
contained all the issues which he proposed to discuss, additions 
and amplifications were intended, but remained unwritten. 
A number of notes, elucidating or establishing statements in the 
text were planned: only one was written, and no memoranda were 
left indicating the nature of the remainder. In these circum¬ 
stances the draft has been published, under the editorship of 
Dr. A. B. Forsyth, exactly as it was written and has been prefaced 
by tlie obituary notice written by Dr. Forsyth for the Boyal 
8ociety. 

The account of the theory occupies only 100 pages and possesses 
the conciseness and precision characteristic of Prof. Burnside's 
writings. In the introductory cliapter, the rule for calculating 
calculable probabilities is properly enunciated, and the method of 
estimating probability discussed. Direct, indirect and approximate 
methods of calculating probabilities are dealt with successively, 
with numerous illustrative examples. Two chapters are devoted 
to the probability of causes and to probabilities connected with 
geometrical questions. The final chapters deal with the theory 
of errors and with G-auss’s law of errors. The volume forms a 
valuable addition to the literature concerned with the theory of 
probability. 


XCIII. Proceedings of 1 j earned Societies. 

GEOLOGICAL SOCIETY. 

[Continued from vol. v. p. 1263.] 

April 4th, 1928.—Prof. J. W. (xregorv, D.Sc., F.E.S., 
President, in the Chair. 

following communication was read :— 

1. ‘ The Analcite-Syenites and Associated Bocks of Ayrshire.’ 
By George Walter Tyn-ell, A.B.C.Sc., Ph.D., F.B.S.E., F.G.S., 
Lecturer in Geology in the University of Glasgow. 

The analcite-syenites of Ayrshire occur in differentiated intrusions 
along with analcite-olivine-dolerites or crinanites, as stratiform 
bands, schlieren, and veins. The principal occurrence is at How- 
ford Bridge, Mauchline, where analcite-syenite forms a considerable 
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part of the sill. In the remaining three described occurrences 
(Dippol Burn, Trabboch Burn, and Prestwick) the analcite-syenite 
is restricted to schlieren and veins. 

The Howford Bridge, Dippol Bum, and Trabboch Bum occur* 
rences form sills intrusive into the Permian lavas and tuffs of the 
Mauchline basin ; the Prestwick sill is intruded into sediments 
of Coal-Measure age. They all belong to the widespread suite of 
analcite-bearing igneous rocks of late-Carboniferous and Permiai^ 
age in the West of Scotland. 

The constituent minerals of these rocks are labradorite, sodic 
plagioclase, potash-oligoclase, olivine, titanaugite, segirine, soda- 
amphiboles, ilmenite, along with analcite and certain zeolites. 
The most noteworthy mineralogical feature is the abundant occur¬ 
rence of analcite, thomsonite, natrolite, and prehnite, which must 
be regarded as late primary crystallizations from the magma. 

Petrographically the rocks are divided into: (A) Olivine-anal- 
cite-dolerite (crinanite), constituting the major portions of all the 
described occurrences; (B^) Analcite-syenite, a coarse-grained, 

comparatively basic type, which occurs as bands, schlieren, and 
veins; and (B.^) Analcite-syenite, a perfelsic type, rich in analcite 
and other zeolites, and with abundant segirine and soda-amphibole. 
This variety is found chiefly as veins. Analyses of crinanite and 
analcite-syenite illustrate the chemistry of these rocks. 

The analcite-syenite differentiate is found towards the interior 
parts of the sills. The petrogmphical variations within the various 
intrusive bodies are ascribed to simple crystallization-differentiation 
aided by the gravitative settling of titanaugite-ilmenite inter¬ 
growths, Several reaction-series, continuous and discontinuous, 
have been traced, and these have been combined in a Goldschmidt 
diagram showing at one and the same time the parallel courses of 
crystallization and differentiation. It is shown that a certain 
amount of lime is probably stored up in the residual liquor, along 
with the usual soda, potash, silica, water, and volatile constituents, 
leading to the final crystallization of analcite, soda-lime zeolites, 
and prehnite. 

An hypothesis for the development of schlieren and veins in 
the sills under discussion by the effects of the varying incidence of 
the pressure due to the superincumbent column of rock, upon a 
crystal-mesh filled with interstitial liquid, is framed. The liquid 
is believed to be progressively driven towards the centre of the sill, 
and also laterally towards those places where the pressure is com¬ 
pensated in various ways, so that free contraction of the crystallizing 
mass can take place. The great development of analcite-syenite 
within the Howford Bridge sill is shown to be concomitant with 
the impoverishment of the associated crinanite in analcite; whereas 
in the other thi'ee sills, which contain relatively small developments 
of analcite-sj^enite, the crinanitic portions are relatively rich in 
analcite. 


[The Editors do not hold themselves responsible for the 
views expressed by their correspondentsj] 
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XCIV. The Escape of Heat from a Harmonically Oscillatmy 
Hot Wire, By R. S. Maxwell, M.A., B.Sc. * 

1 . Introduction. 

T he problem o£ the escape o£ heat by free convection 
from a thin cylindrical wire at rest has been studied 
by Langmuir t and others, while King J has carried out an 
exhaustive research, both theoretically and experimentally, 
on the case when the stationary wire is cooled by a stream of 
air passing it with a certain velocity, i. e. cooling by forced 
convection. When the wire is not at rest the problem is 
considerably more complicated, and up to the present no 
complete mathematical analysis has been brought forward. 
A considerable amount of experimental work has, however, 
been done on the subject by Tucker and Paris § in connexion 
with their Hot-Wire Microphone. They measured the 
escape of heat from the electrically-heated wire when 
subjected to an alternating air-current. The converse 
effect, that of a hot wire oscillating in still air, has been 
dealt with by Richards 1). In both cases the wire is cooled, 

* Communicated by Prof. A. W. Porter, F.R.S. 
t Langmuir, Phys. Rev. zxziv. pp. 401-422 (1912). 
j King, Phil. Trans. Roy. Soc. A, ccxiv. pp. 373-430 (1914). 

§ Tucker & Paris, Phil. Trans. Roy. ^c. A, cczxi. pp. 389-430 
(1921). 

II Richards, Phil. Mag. xlv. pp. 926-934 (1923). 

Phil. Mag. S. 7. Vol. 6. No. 39. Nov. 1928. 3 Q 
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and consequently its resistance alters. It is shown that the 
change can be divided into two categories ;— 

(a) A lowering o£ the resistance of the whole wire. 

This is known as the steady drop. 

(J) A periodic change of resistance. 

The object of the present work is to investigate these 
two resistance changes under varying conditions, and also to 
bring forward, at any rate approximately, a mathematical 
theory which will explain the observed effects. 

2 . Experimental Work. 

(a) Steady Drop. 

(1) Description of Apparatus, 

The experiments were made with the very fine platinum 
wire—diameter 0*0006 cm.—in the grid of a Tucker hot-wire 

Fiff. 1. 


B 



microphone. This grid was mounted on one prong of an 
electrically-maintained tuning-fork, and a compensating 
weight was mounted on the other prong, so that the fork 
would vibrate evenly. The tuning-fork and grid were 
completely enclosed in a large wooden box, so that all 
extraneous draughts were excluded. 

The grid (W) was arranged in one arm of a Wheatstone’s 
network, so that its resistance could be measured, and a 
milliammeter (A) was also included in the circuit. The 
electrical connexions are shown in fig# 1. 
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1 he method of taking observations was as follows. 
A rheostat (Rh) in the battery circuit was adjusted until the 
heating current through the grid had reached some definite 
value—say 30 milliamperes—when the fork was at rest, and 
the resistance of the grid was then measured. A long 
straight wire (ST) which had previously been calibrated, 
with an adjustable contact to the galvanometer, was used to 
obtain an accurate point of balance. 

When the fork was set in vibration, the resistance of the 
grid decreased as it became cooled, and the new resistance 
was measured by balancing the network again. In order to 
prevent much alteration of the grid heating current, the 
total resistance R 1 + R 2 in the two resistance boxes was kept 
constant throughout a given series of readings. 

The resistance of the grid was measured for various values 
of the amplitude of the fork, keeping the heating current 
constant. Nine such series of readings were taken for 
different values of the heating current : the resulting curves 
are shown in fig. 2. 

The amplitudes were measured by means of a microscope 
with an eyepiece scale which was calibrated against a linear 
steel scale. 

(2) Numerical Calculations* 

(a) Temperature ,—Within the accuracy covered by these 
experiments, there is a linear relationship connecting the 
resistance of the grid when at rest with the excess tempera¬ 
ture of the hot wire of the grid over that of the surrounding 
atmosphere. 

If Ro = resistance of grid at atmospheric temperature 
and R^ = resistance of grid at a temperature excess of di 
above that of the atmosphere, then 

R =Ro(l + a^i),. . • . • • (1) 

where a is the temperature coefficient of resistance of the 
wire of the grid. 

Table I. shows the resistance of the grid when at rest for 
different heating currents. On extrapolating the resulting 
graph, it is found that the resistance of the grid at 
atmospheric temperature, i. e when no current is flowing in 
the wire, is 120 ohms. 

The last column in the table gives the excess temperature 
(^ 1 ), calculated with the aid of equation (1) and assuming 
a=0*00367 for platinum. 


3Q2 
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Fig. 2, 



SCALE DIVISIONS 


from a Harmonically OseiUating Hot Wire. 949 

From the graph obtained on plotting B9 against 6^ it is 
found that lohm is equivalent to 2*24° C., ue. that a 
decrease in the resistance of the grid of 1 ohm corresponds 
to a fall in temperature of the wire of 2*24° C. 

(y8) Velocity .—^The change in the steady drop when the 
heating current is unaltered is due to the relative movement 
of wire and air, and is a function of the velocity of the wire 
through the air. This of course is not constant throughout 
the cycle, but the maximum velocity (V) can easily be 
found. 


Table I. 


Heating current («), 
milliainps. 

Resistance of* grid Excess temperature above 

when at rest (R), atmospheric (0), 

ohms. ® 0 . 

30 

267 

335 

28 

247 

290 

26 

228 

248 

24 

210 

204 

22 

195 

170 

20 

183 

142 

15 

152 

71 

10 

135 

34 

5 

125 

ii< 

(0) 

(120) 

— 

If 

n = frequency of fork 


and 

^0 == amplitude „ „ 

.(2) 

then 

V = 2TmyQ. J 



Now, the frequency of the fork used during the experi¬ 
ments was 96 vibrations per second. The eyepiece scale of 
the microscope was calibrated against a steel millimetre scale, 
and it was found that one eyepiece scale-division was 
equivalent to 7*5 x 10~® cm. Therefore for one eyepiece 
scale-division 

yo = 7*5 X 10~® cm. 


.*. V = 27r X 96 X 7*5 x 10”* cm. 
= 4*52 cm. sec.“^ 
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Values of the maximum velocity (V) for various values of 
the amplitude are given in Table II. 

( 7 ) Steady Drop .—The experimental values found for 
the steady drop (A) from the graphs of fig. 2, with the help 
of Table I., are tabulated in Table II. for various known 
conditions of temperature and velocity. 


Table II. 

Experimental Values of A in °C. for Microphone Grid. 


Amplitude. 

Maximum 



Temperature excess (0,) 

0 n 



-Eyepiece 

! 

Velooitv 
(V)in 1 










scale- 
diyisious. | 

cm. 

cm, eec.“^. 

335 

290 

248 

204 

170 

142 

71 

34 

11 

— 2 

0*015 

^ 9.0 i 

2 

7 

4 

6 

6 

4 

3 

2 

0 

4 1 

0*030 

18*1 

12 

22 

16 

17 

17 

15 

12 

4 

1 

6 * 

0045 1 

1 27*1 

41 

46 

43 

36 

32 

27 

18 

7 

1 

8 

0 060! 

36*2 

66 

64 

58 

53 

43 

38 

22 

9 

1 

10 

0*075 1 

45*2 

81 

77 

72 

63 

50 

45 

26 

11 

2 

12 

0*090 

64*3 

92 

86 

82 

70 

57 

48 

28 

13 

2 

14 

0*106 1 

63*3 

100 

94 

90 

75 

63 

54 

30 

15 

3 

16 

0*120 i 

72*4 

109 

101 

95 

80 

67 

57 

34 

16 

4 

18 

0*135 

81-4 

112 

105 

100 

83 

72 

60 

36 

18 

4 

20 

0*150 

90*5 

,1 

118 

110 

104 

88 

76 

63 

38 

20 

6 


(b) Oscillatory Changes. 

The first experiments which were undertaken with a view 
to investigating the harmonic changes of resistance of the 
grid made use of a telephone receiver which was coupled 
inductively with the grid heating circuit. In addition to the 
fundamental the octave could be heard distinctly, and there 
was also evidence of higher harmonics. A vibration 
galvanometer was afterwards introduced in place of the 
telephone, and the presence of these harmonics was confirmed. 

The instrument used was a Tinsley Moving Coil Vibra¬ 
tion Galvanometer with a bifilar suspension. The suspended 
system had three adjustments, which could be varied to alter 
its natural frequency : 

( 1 ) The length of the suspension. 

( 2 ) The tension ©f the wires. 

(3) The distance apart of the two wires. 
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When these were adjusted to make the natural frequency 
of the system equal to the frequency of the alternating 
current passing through the galvauometer, the latter was 
said to be tuned/^ In this state resonance occurred, and 
the spot of light broadened out into a wide band. During 
these experiments the distance apart of the two wires 
remained fixed, and the tension and length adjustments gave 
a range from about 85 to 500 cycles per second. Scales had 
been engraved on the torsion head and on the side of the 
case near the sliding bridge, so that it was possible to record 
definite positions for the tension and length of suspension 
respectively. Thus any particular condition could be 
repeated at will. The galvanometer had been calibrated for 
frequency by passing alternating currents of known fre¬ 
quencies through it and noting the positions of the bridge 
reading and torsion head. 

The grid heating current, which was known to have a 
complex wave form, was passed through the vibration 
galvanometer, and the adjustments were made throughout 
the whole of the above range. The harmonics present in the 
current could then be picked out at once, because when the 
galvanometer became tuned to any one component, resonance 
was observed. The frequency of the component was then 
found from the calibration curves. 

The results of this analysis showed that, denoting the 
frequency of the tuning fork by 7i, the grid beating current 
had a series of harmonic constituents whose frequencies were 
given by 2n, 3n, 4??, and in one case for a very low fork 
5n, in addition to the fundamental. For these experiments 
on the oscillatory changes several forks were used, of 
frequencies varying from 68 to 167 vibrations per second, 
but in most cases the fork of frequency 96 vibrations per 
second was used as in the experiments on the steady drop. 
The experiments were repeated for a straight platinum wire 
of diameter *001 cm. mounted horizontally on the fork, and 
similar results were obtained, the harmonics being found as 
before. 

A distinction must be made between the two cases, when the 
wire is vibrating (a) vertically, L e. in its own convection 
current, and (6) horizontally. In (a) the fundamental and 
tije octave appeared to be of approximately the same magni¬ 
tude, but in (6) the octave was by far the most predominant 
harmonic present. This distinction is important on theo¬ 
retical grounds, and is discussed in detail in section 4. 
The higher components of frequency 3n, 4n, etc. were 
observed to have considerably smaller amplitudes than the 
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fundamental and octave, although it proved impossible to 
measure any of these amplitudes with a great degree of 
accuracy. Attempts to make such measurements were made 
both directly and by means of photographing the wave form 
with the help of a rotating mirror, but they proved unsuc¬ 
cessful because the galvanometer could not be tuned 
suflSciently far away from the several resonance points 
to give a faithful reproduction of the wave form of the 
current, unless it was made too insensitive. 

Photographs were taken of the vibrations of the prong of 
the fork to see whether the motion was accurately sinusoidal. 
Light from an arc was passed through a small diaphragm 
reflected from a mirror attached to the prong of the fork 
and from a rotating mirror, and finally was focussed on to 
the photographic plate. Several photographs were taken, 
and these showed that the prong was moving with simple 
harmonic motion, as was to be expected. 

3. Theoketical Considerations. 

(a) General. 

The rate of loss of heat from a thin oscillating hot wire 
depends on several factors. 

Heat Supplied. —If the wire is heated electrically, then the 
rate of heat supplied is where E is the e.m.f. in the 

heating circuit, and R is the resistance of the wire. If E is 
measured in volts, and R in ohms, then the rate of heat 
supplied will be measured in watts. 

As the resistance of the wire is large compared with any 
other resistances in the circuit, the potential drop across the 
ends of the wire may be regarded us constant, and will not 
be affected by the oscillation. 

Radiation. —In the treatment which follows, the loss of 
heat due to radiation will be ignored because Langmuir * 
has shown that for fine wires such as those used in the 
experimental work it is negligibly small. 

thermal Capacity of the TVire. —The thermal capacity (e) 
is defined as the mass of the wire (m) multiplied by its 
specific heat (c). 

Then e dO represents the amount of heat added to or taken 
away from the wire for a change of temperature d6. 

In the analysis given below the convention is adopted that 


• Langmuir, Phys. Rev. xxxiv. pp. 401-422 (1912). 
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6 is reckoned positive for a lowering of temperature, and 
therefore 


6 = amount of heat taken away from the wire 

for a drop in temperature of dd. 
dO 

Hence = rate at which heat is taken away from the wire. 


Free Convection .—If the wire is at rest, and is heated 
electrically, then it will take up a certain definite equili¬ 
brium temperature when the rate of heat lost by free 
convection is exactly equal to the rate of heat supplied by 
the electric current. 


Let 01 = excess temperature of the wire above that of 
the surrounding atmosphere ; 

E == e.m.f. in the heating circuit; 

Rj = resistance of the wire at temperature 0i. 

Then ?-'= H ..(3) 

where H is the free convection constant. 

Forced Convection .—When the wire is cooled by being 
placed in a current of air, the phenomenon is called forced 
convection, and the escape of heat from the wire is 
dependent upon the velocity of the imposed draught. This 
may be treated as completely equivalent to the case when 
the wire is caused to move through still air with a definite 
velocity. 

King * has derived two formulae which give the heat-loss 
per cm. (W) from a wire of diameter c? in a steady air- 
current of velocity V : 

+ .(4) 

W = aWlog^.(5) 

where A', B', a\ and V are constants, and 6x is the excess 
temperature of the wire above that of the surrounding air. 

He found a critical value Vc?=0’0187, where V is measured 
in cm./sec. and d in cm. 

When Yd > 0*0187, i. e. for high velocities or thick wires, 
equation (4) must be used. 

When 0*0187, i.e* for low velocities or thin wires, 
equation (5) is applicable. 

The critical velocity for any wire is denoted by V^. 


♦ King, Phil. Trans. Hoy, Soc. A, ccxiv. pp. 312-432 (1914). 




954 Mr. R. S, Maxwell on the Escape of Heat 

An attempt has been made here to see whether King^s 
formulse can be adapted to the case when the wire is^ 
subjected to an oscillating draught, or, what is equivalent, 
to the case where the wire itself vibrates when mounted on a 
tuning-fork. 

Let y = displacement of the prong of the tuning-fork,, 
and consequently of the wire. 

By experiment the motion is found to be sii^le harmonic, 
say y=yosin/><, where p is the pulsatance oftthe imposed 
vibration ^27r times the frequency. 

The velocity (v) of the wire at any time is given by 

v = ^ = pyocospt, 

but as the cooling of the wire is assumed to be independent 
of the direction of motion, the speed of the wire through 
the air at any moment can be written 1 ( *, or 

V|cosj»^|, where V is the maximum value ot the velocity, 
i.e.V = pyo. 

For generality the escape of heat due to forced convection 
may be written A(^i, V | cospt |), and the appropriate formulae 
(4) or (5) can be applied in special cases. 

Differential Equation. —The general differential equation 
governing the escape of heat from the hot wire when it 
is oscillating can now be w^ritten down. 

As before, let 6^ = temperature excess of the wdre above 
that of the surrounding atmosphere. 

When the wire is set in vibration it is cooled by forced 
convection, and its temperature drops. 

Let 0 equal the divergence of the temperature from di at 
any time t, and let 6 be regarded as positive when measured 
in a downward direction. 

Then 

4f = +A((«. -«), V I I) - 

.( 6 ) 

where « is the temperature coefficient o£ resistance of the 
material of the wire. 

Since d is small, equation ( 6 ) may be written 

-e) + hi(e, _ , V 1 cos pt I ) - (1 + «^) 

(7> 

The expression Icosp^j is u^ed to signify the numerical value of 
cos pt without regard to sign. The function 1 cos pt | is thus always- 
positive. 
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In the following sections the applications of this equation 
will be considered. 

(b) High Velocities. 

In this case King^s formula for the rate of loss of heat 
due to forced convection may be written 

where and 7 are constants having the same meaning as in 
King^s paper. 

Equation (4) now becomes 

e ^ = H(^i - ^) + (^Vi i cos pt [i + 7) (^1 - ^ (1 + uO) 

=-(iH+ 7 ) + ^ + 7 )^ 1 - 

+ /3V4|cosj)t[^^i —/SV^I . ( 8 ) 

The last term is of a smaller order than the other terms, 
and to a first approximation it may be omitted. When an 
approximate value for the temperature 0 has thus been 
obtained, it may be substituted in this small term, and the 
equation can then be solved to a higher degree of accuracy. 

The equation may now be written in the simple form : 

— a^ + &+c{(cosiJ<i}J, .... (9) 
where a = ^ f (H + 7 ) + 

and c = 

The function {|cosp^|} is not in a form suitable for 
integration. It may, however, be expressed as a Fourier 
Series, and the numerical values of the different coefficients 
can be found by graphical integration. 

If T is the periodic time of the oscillation, then the 
required limits of the function must be ^ = 0 and 
because after this everything will be repeated. 

For brevity let a? be written in place of pt ; then, when 
^=0, a;= 0 , and when ;f=T, A’= 27 rAiT = 27r^ and the limits 
now become 0 and 27 r. 

Tho Fourier Series may be written down: 

{jcos^l}^ == ao + aicos^-f a 2 cos2^+... ancosnx 
+ bi sin .V + hs sin 2x+ bn sin nx. 
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It is known that 


ao 




27r 

1 1 2 ’^ 


{lcosd?l}*<i^, 


= — I *!! COS w il^cos nx dx. 
11 

and 6^ = ^ I {|cosa7j}^sin n^rf,a?. 

Jo 


The numerical values of these coefficients were determined 
by plotting the graph of the function within the integral 
sign for different values of x between the required limits, 
and finding the area enclosed between the curve and or-axis. 

It was found that 


Cli — <3^3 — ag — tt2n-l * 0, 

&! =: ^2 = ^3 = ..bn = 0 , 

ao = 0*757, 
as = 0*330, 
a 4 = - 0 * 111 , 

Uq = 0*080, 

a8= —0*006. 

Therefore 

{|cos^|}i=0*757 + 0*330 cos 2x —0*111 cos 4^7 

+ 0*080 cos 6^—0*006 cos 8^* + . 

Equation (9) now becomes 

JQ 

^ = ^ad + h + c{0-151 + 0*330 cos 0*111 cos 4:pt 

+ 0*080 cos Qpt — 0*006 cos ^pt + ...}. . (10) 


The solution of (10) is 


I a 


0-330 


a ■ K a ^4^2 + a* 

O-lll 


^cos( 2 pt—^j) 


0-080 


v/ipf? 

^7==cos(8p(-,f,)J+Ae-'. . . . (XI) 


The last term dies out as t becomes large, and may be 
ignored so Bar as periodic solutions are concerned. 

The mathematical analysis shows : 
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(1) A steady drop in temperature (A), given by 

^ _ h'¥ ca^ 

^ » 
a 

and (2) a series o£ harmonics of frequency 2n, 4n.. 

of which the octave is the most predominant. 

If this value of 6 is substituted in the last term of 
equation (8), no new terms are introduced, but there is a 
small change in the values of the constants. 

(c) Low Velocities. 

For low velocities it is necessary to use the form of King’s 
formula given in equation (5), and when applied to an 
oscillatory draught equation (7) becomes 

-(»,-«)- 1 ( 1 +^) 

^®^V|cosp<id 

.( 12 ) 

The solution of this equation shows temperature changes 
of just the same form as those given by equation (11). 

(d) Critical Velocity. 

It is important to calculate the critical velocity (Vc) 
corresponding to King’s value yd=l‘87xl0“® for the 
actual wire used in the experimental work. 

In this case d = 6 x 10~^ cm. 

„ _ 1-87x10-* 

6x10-" 

= 31*2 cm.sec.-’. 

This velocity marks the boundary between the high and 
low velocity formulae, and this must be kept in mind during 
the succeeding sections. 

4. COMPABISON OP ThEOBY WITH ExPEBIMBNT. 

(a) Steady Drop, 

It is possible to calculate values of the steady drop A by 
means of equation (11), using the appropriate values of /S and 
7 as given by King * in his paper. The values thus found, 
are not in sufficient agreement with those obtained experi¬ 
mentally to be given in detail in this paper, but they are 
of the same order of magnitude. Furthermore, in both cases 

* Loc, ei^ pp. 420 and 422. 
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the steady drop is fouud to increase with temperature and 
with velocity. 

It must be remembered, however, that the experimental 
conditions were by no means the ideal conditions demanded 
by the theory. For one thing, instead of a straight wire 
stretched between two fixed supports, the crumpled wire of 
a microphone grid was used. There are three loops in such 
a grid, and as the grid was clamped in a vertical position, it 
is quite possible that the convection current from one part of 
the wire impinged upon another part, thus lowering the 
resistance of the grid as a whole*. Again, since the wire 
was not straight, it was very difficult to measure its length 
with any degree of accuracy. The value adopted —0'7 cm.— 
was found by observing the grid with a microscope and 
measuring those portions of the wire which would be 
effective in contributing freely to the convection current. 
But since the calculated value of A increases with increase 
of length of wire, this uncertainty is bound to introduce a 
small error. 

The wires used in this experiment were very much smaller 
than any used by King in his experiments on forced con¬ 
vection with steady draughts, and it may be that his 
formulae will not bear extrapolation to such fine wires. For 
example, the terra depending upon the velocity does not 
appear to have a sufficiently great coefficient to cause the 
theoretical value of the steady drop to increase sufficiently 
for the greater velocities, and it is possible that other 
formulae could be devised which would fit the experimental 
curves better; but it does not seem worth while pursuing this 
line until the theoretical conditions are more accurately 
realized. 

There is yet another factor affecting the cooling of the 
wire which should be noticed. It has been shown above 
(p. 957) that the critical velocity below which the high velocity 
formula given by equation (8) will not hold is given by 
'V'c=81'2 cm. sec."’. Now, in the analysis put forward the 
actual velocity of t;=V cos pt has been replaced by a mean 
velocity a^, where ao=0-757. Actually, however, the 
velocity varies between the limits v = V and f=0, the velocity 
falling to zero twice during each complete vibration of the 
fork. Thus, even if V is considerably greater than Vc, the 
actual velocity v must bo less than Ve during certain portions 
of the cycle, and it cannot be expected, on this ground 
alone, that the theoretical equation would show exact agree¬ 
ment with the experimental results. 

* Cf. Tucker & Paris, p, 896. 
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The last error which must be considered is that arising 
from neglecting the term /SV* j cos pt | ^0. I£ this term is 
worked out numerically, using the values o£ 6 already 
obtained, it is found that, for the case where it could have 
the greatest possible efiEect, the error is less than 10 per cent., 
which is smaller than some of the other errors which have 
been considered above. 

(b) Oscillatory Changes. 

Effect due to the heating-up of the surrounding air :— 

The mathematical analysis given in Section 3 does not 
indicate the presence of the fundamental, or the odd 
harmonics. This is because the theoretical treatment is con¬ 
cerned entirely with the free and forced convection from a 
hot wire vibrating in cool air, and no account has been taken 
of the general heating-up of the air in the-neighbourhood of 
the wire. As in King’s analysis, it has been assumed that 
the wire is always moving into air of atmospheric tempera¬ 
ture. In this case, if the wire is vibrating with frequency 
n^pj2iT there are two positions, one at each end of the swing, 
in every complete vibration, when the wire is at rest. The 
cooling is thus identical in the two halves of the cycle, and 
is periodic with a frequency 2n. Hence it follows that on 
this theory the octave is the most important term. 

In practice, however, it is essential to take into account 
the heating-up of the surrounding air ; and this depends 
upon the general convection current of the heated air which 
rises from the hot wire. There are two quite distinct 
cases :— 

(a) Hot wire vibrating vertically. —As the wire moves 
upwards it travels with the convection current ; as it moves 
downwards it travels against it. Thus it is quite clear that 
the escape of heat from the wire to the air is different for 
the two motions ; consequently, any term arising from this 
convection effect will be periodic with the frequency of the 
fork, and the fundamental note occurs. 

(b) Hot wire vibrating horizontally. —The motion of the 
wire is at right angles to the convection current; the heated 
air escapes upwards, and so does not affect the cooling of 
the wire further. This case approximates more to the 
simple theory, and the octave predominates. 

The effect of considering this heating-up of the air near 
the wire is to introduce a periodic term of the same 
frequency as that of the driving-fork. There is no evidence 
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available concerning the physical nature of this term, but 
since it is periodic, it should be possible to represent it as a 
Fourier series containing all the harmonics. In any case, 
the fundamental is probably the predominating term, and 
without in any way being dogmatic in the matter, it is of 
interest to see the efiEect of introducing a term dcospt to be 
added on to (9), which then becomes 

rlA 

— = — a^ + 6+<j{ 1 co3|?<l}i+rfcosjof.(13) 


^ = -+c 
a 


{ 


0-757 


0-330 


« -%/ 4^® + a' 

0-111 


^cos (2pt—<f)i) 


d 


■a- 


cos (4cpt — <^ 4 ) 4 - 

COB {pt—(pi), . . 


Vp*-{-a^ 


} 

• - (14) 


the decaying exponentials being ignored as before. 

If, now, this value of 6 is substituted in the last term of 
( 8 ), terms of the type 

cos (pt—(pi) cos 2 Kpt 

=^cos( 2 K.+l—^i)+ ■^cos( 2 K—l + ^i) 
arise for all integral values of K. Thus the complete 
e<juation becomes 

0z=7(, + y, cos (pt —Xl) + 72 00S (2p< —X 2 ) 

+ yjCOs(3pt—xs) + • • • • » • • • (15) 


which agrees with the experimental results in indicating the 
presence of a steady drop and the full series of harmonics. 


5. WiBE COOLED BY A STEADY DkAUGHT OF VeBY 
Low Velocity. 

It appears permissible in conclusion to discuss briefly 
some of the difficulties which occur in dealing with King’s 
formula for loss of heat when the velocity of the cooling 
draught is small. 

The experimental curves found for the cases when the 
draught is steady, and -when it is oscillatory, are very similar 
in character, and the difficulties which underlie their inter¬ 
pretation are more or less the same in both cases ; so it is 
convenient merely to consider the simpler case, namely that 
in which a hot wire is subjected to a small steady cooling 
draught. 
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Thomas in his researches on the hot-wire anemometer, 
obtained a series of curves of the type shown in fig. 3 for a 
straight wire cooled by a steady draught. Richards f, using 
a microphone grid, and E. Gr. Richardson J, using a grid 
constructed of thicker wire, have both obtained curves of 
the same type. This curve should be compared with those 
shown in fig. 2, which were obtained by the writer for 
oscillating draughts. The curve is concave to the V axis 
for very small velocities ; indeed, it is approximately para¬ 
bolic near the R axis, but it becomes convex to the V axis 


Fig. 3. 



as the velocity increases. Tucker and Paris § obtained only 
the parabolic portion of the curve, using a microphone grid, 
but their velocities never exceeded 5 cm. per sec. 

In every case the point of inflexion occurred when the 
velocity was far below the critical velocity Vc for the wire 
in question ; therefore it appears that the experimental curve 
for low velocities is made up of two distinct parts. 

* Thomas, Phil. Mag. xxxix. pp. 505-534 (1920). See fig. 8. 

t Loe, dt. p. 927. See fig. 1. 

j Proc. Roy, Soc, A, cxii. pp. 552-541. See fig. 2. 

§ Loc, dt, p. 408. See fig. 7. 

Phil. Mag. S* * * § 7. Vol. 6, No. 39* Nov. 1928. 3 R 
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Thomas also found that the velocity at which the change 
o£ curvature of the respective graphs occurs is greater the 
larger the heating current employed,^’ This statement is 
also true for oscillatory draughts, as may be seen on 
examination of the graphs given in fig. 2. 

Turning now to King^s formula, given in equation (5), 

^ _ a ^6i ..(5) 

logTrf 


it will be of interest to work it out numerically for a given 
temperature and for a series of velocities. 

Preserving the notation, used by King, the constants a' 
and V may be written 


where 


a} = 

6' = 26V, 


and «=thermal conductivity o£ air 

= 5’2x 10"® calories (cm.)"^(sec.)~^ (° 0.)"^ 
o-=density of air=l*3 x 10~® (grni-) (cm.)"*, 
«=specific heat per unit mass of air 
= l‘71xl0"‘ calories (grm.)"^ (° C.)"^, 
7 =Enler’s Constant=0‘57721. 
gd-r) =1-52. 


Numerically 

2x5*2xl0-®xl-52 
^ “l-S xl0-*x 1-71X 10-1 
= 7-15 X 10-1*. 

For the wire in the microphone grid d=6 x 10~*. 

3=1-19x10*. 

a 


Now consider a particular temperature excess above 
atmospheric temperature, say 6i — 335^0. The heat-loss 
(W) will be given in watts per cm. of wire. 

♦ This constant b' will he unaffected by a change of units from calories 
per second into watts, as long as jc and s are both measured in the same 
units. It is of the dimensions of a length. 
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In this case * must be expressed in watt units, i. e. 

acs=2‘37 X 10~^ watts (cm.)“^ (°C.)~^ 
and a'^i=27rx2'37 xlO~^x 3*35x10® 

= 4*96x10-1. 


W = 


a'e^ 


4*96x10-1 


1*19 X10® 
loge V 


watts 


The resulting graph is shown in fig. 4. 


HtAT L0SS(W) 
IN WATTS 


Fig. 4. 
w = 


4-96X 

loge !P .^. 



It can be seen from equation (5) that a graph plotted for 
a wire at a different temperature would be of exactly the 
same shape, because the only difference would be in the 
value of 01. Hence the graph of fig. 4 must be regarded as 
typical of the theoretical values predicted by King, 

The question which must be faced is how to reconcile the 
theoretical curve shown in fig. 4 with the experimental 

3R2 



^64 Escape of Heat from ()scillating Hot TP ire. 

curve in fig, 3, for very small velocities, i. e. to explain the 

parabolic^’ portion of the experimental curve. No attempt 
at a quantitative analysis is here put forward, but perhaps 
the following qualitative suggestions may throw some light 
on this rather complicated phenomenon. 

Consider a hot wire at rest in absolutely still air. Then 
any heat which is lost must be lost by free convection. Let 
a very slowly moving air-stream pass across the wire. If 
the velocity of this stream is sufficiently slow, the wire will 
still lose heat almost entirely by free convection, and any loss 
due to forced convection must be extremely small. Ks the 
velocity increases, the loss of heat due to forced convection 
will also increase, and for a time such an increase will be 
fairly rapid. Such a state of affairs would be represented 
by the parabolic portion of the curve which has been 
found by all observers. When the velocity is increased still 
further, the forced convection vrould have become an appre¬ 
ciable factor in the cooling of the wire, and would increase 
less rapidly. This would correspond to the point of inflexion 
in the graph of fig. 3. For velocities higher than this and 
below King^s low-velocity formula would hold, as shown 
in fig. 4, 

The weakness in the above argument is that it differentiates 
so clearly between free and forced convection at these very 
low velocities. It is probably impossible to separate these 
two phenomena in practice, because they are both so inti¬ 
mately connected with the loss of heat from the wire. 

Very little seems to be known about this portion of the 
subject, which appears to offer a field for further research. 

6. SuMMABY. 

An electrically-heated platinum wire was mounted upon 
the prong of an electrically-maintained tuning-fork of fre¬ 
quency n. The hot wire was cooled, owing to the periodic 
motion through the air, and superimposed upon the steady 
fall in resistance ; there was also a periodic change, with a 
corresponding periodic change in current. This current was 
analysed by means of a vibration galvanometer, and was 
found to contain harmonics of frequency 2n^ 3n, and 4n in 
addition to the fundamental. 

The escape of heat from the wire is due to the following 
factors:— 

(1) The Free Convection effect, which is the same whether 
the wire is at rest or in motion, except in so far as it depends 
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on the temperature o£ the wire, which is, of course, lowered 
when the wire is vibrating, 

(2) The Forced (;onvection effect which depends upon 
the velocity of the wire through the air, and which gives 
rise to 

(а) The steady drop in resistance. 

(б) Periodic changes of resistance of frequencies 2n, 

4n, 6n. 

The magnitudes of (a) and (/>) depend upon the tem¬ 
perature and diameter of the wire and the velocity of the 
cooling draught. 

(3) The effect due to the heating-up of the surrounding 
air, which causes the fundamental and probably all the rest 
of the harmonics to be present. 

A rnatliematical theory is developed which is found to 
account qualitatively for the observed results. 

The writer’s thanks are due to Mr. R. 0. Richards for 
some very helpful criticism, and to Prof. A. W. Porter, 
F.R.S., for his assistance and general direction throughout 
this research. 

Carey Foster Laboratory, 

University College, London. 

July 1927. 


XOV. llie Electrical Conductivity of Metals as a Function of 
Pressure according to the Sommerfeld Electron theory. 
By A. T. Waterman, Ph.D., Assistant Professor of 
Physics^ Yale University. US. National Research Fellow 
at Kmg^s College^ London . 

I N a recent paper Houston t has made a noteworthy 
contribution to Sommerfeld’s + theory of electrical con¬ 
ductivity in metals by working out the dependence of the 
mean free path upon temperature, pressure, and other 
variables This is done by recognizing the wave nature of 
the electron, and thus treating the problem after the method 
used by Debye § for the interference of X-rays, 

* Communicated by O. W. Richardson, F.R.S. 
t Zeits. f. Phys. xlviii. p, 449 (1928).5 
J Zeits. f. Phys. xlvii. p. 1 (1928). 

§ An7i. d, Phys, xliii. p. 19 (1914). 
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The result shows very fair agreement with observation for 
the temperature gradient of the conductivity, qualitative 
agreement for the pressure gradient^ and the correct order 
of magnitude for the conductivity itself, as well as several 
other interesting applications. 

In the case of the effect of hydrostatic pressure upon the 
electrical conductivity of metals, Houston has merely given 
an approximate formula, and has briefly pointed out that 
its application is qualitatively correct. When subjected to 
quantitative calculation, this formula is found only to give 
the right order of magnitude for the pressure coefficient of 
resistance, as seen in Table I. (p. 969,). The accuracy of 
Bridgman’s data * for the pressure coefficients of metals, 
however, warrants a more exact formula, which may be 
deduced as shown below. 

The formula given by Houston t for the specific resistance 
of a metal is 

^ Vsj ... 

where L = Loschmidt number, 

Z=a number of free electrons per atom, 

^ = characteristic temperature, 

= density, 

<;>(^) = Debye function lj.v \ 

•^0 

H (c) = (1 + 2c)/ (1 + c) - 2c log (1 + c)lc, c = (47r&) ^ 

(\ = electronic wave-length, 6=constant determining the 
range of the ionic field). 

Houston’s approximation for the pressure effect lies in 
the assumptions : first, that the Poisson ratio is independent 
of pressure, so that 0=const. where « = compressi¬ 

bility ; and secondly, that the temperature is high enough, so 
that may be replaced by TjO. Then p = const. Hac, 

writing H for H(c), and for the pressure coefficient 

1/p 5= Blogic/Bp—blogH/Bp- • . • (2) 

The first term on the right may be evaluated from the 
experimental data for the fractional change in volume 

* Proc. Amer. Acad. lii. p. 671 (1917). 

t Loc, cit, eq, (29), 
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AYjVo underpressure, given in the form AV/Vo=Ap + Bp®. 
From this we readily derive 

B log /c _ 2B A4-2Bp 

Bp A + 2Bp l + Ap + Bp^’ 

or, at zero pressure, 

{b log Kfbp\= 2B/A— A. 

The remaining term, B log H/Bp> is evaluated in the 
derivation given below. 

The approximations underlying eq. (2) may be avoided 
by adopting Gruneisen^s * method, as applied by him to 
Wien’s conductivity theory for the derivation o£ the 
pressure coefl&cient of resistance* The feature of this method 
consists in distinguishing between the adiabatic and the 
isothermal pressure variation. Since the derivative at 
constant entropy of any function of djU vanishes, 

so that, taking the logarithmic derivative of eq. (1) at con¬ 
stant entropy, we have 

(b log pl'dp)=(b log H/b;?)* 

- (B log dlbpX~^(d log dj^p),, . (3) 

assuming BZ/Bp = 0. 

In order to transform from adiabatic to isothermal con- 
dHions, we use the relation 

(^)t (|r)p(|;^)/ 

Also (blog ^/bpX= l/T(bT/bjp)„ <^(log d) = —<i(log V) ; 

and, since measurements involve the actual resistance R 
instead of the specific resistance, 

(b log R/b;?) T=(b log pfbpX - ^ (b log Y/'dp)^- 

Hence 


/b logR\ 

/blogH\ 

V 'dp h 

D “ V dp ) 


, /bT\ r/BlogH^ 1 /blogR^ -] 
\dpJsl\ BT Jp T V bT Jp] 

But 

(BT/biO* = T/Cp(bV/bTV 


* Vevh. d. deutsche Phys. ges. xv. p. 186 (1913). 
t Columbia Univ. Lectures, 1913. 
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Hence, finally ; 



+ 


^p\oJ-/pL \ uJ- /p 


-l-Tj 


BloccR\ ■) 
BT 


Writing «= (BlogR/BT),,, /S= (Blog V/BT)p, c' = specific 
heat per gram, the pressure coefficient of resistance becomes 


— _ / B log H 

R vBp/i"" \ Bi> 



For the two derivatives of log H : 


B log H 
BT 


)]• 


(4) 


(B log H/Bj>)t = B/H(Bc/Bjo)t, 

vhere 

B = 1 + 2/(1 + c) -2 log (1 + (0/o, 

c = l/(47r6)*(87r/3w)*, 

where = number of free electrons per cnbic centimetre. 
Then 


/Bc\_ /SttY 1 rl/ Blogw \ / Blog^ \ ~[ 

vBpA \ 3 / SirWid L3 \ B/> /T ^ V B/> /tJ ’ 


Taking n equal to the number of atoms per c.c., as done 
by Sommerfeld, if b varies under pressure directly as the 
mean atomic separation, or 6 oc n~^, then 

(Blog6/Bp)T = —i(Blogn/B/?)T and (Br/Bp)T = 0, 

•o that (B logH/B^)T = 0. 

If h remains constant under pressure, say b = aSQ, where 
5o=DQean atomic separation at zero pressure, then 


/B log H \ _ /SttXJ B 

\ dp /t~ “VT/ H 


K 


247r®a®3o^n3 ’ 


(5) 


where K= — 1 /V(BV/B/>)t = compressibility. 

Similarly for (B log H/BT)p; if & <x n"*, (B iogH/BTp=0 ; 
if a=aSo=constant, then 


BlogH'\ _/87r\3B /8 

BT )p~\^) H247rVV«*’ 


( 6 ) 


where y8=l/V (BV/BT)p=thermal expansion coefficient. 

Taking a=^, i. e. bsz^S, with Houston, Table I. gives 
the observed pressure coefficients, 1 /R(BR/B/?)t, and the 
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values computed by eq. (4), both for Z>=constant and for 
b cc n"4. The last column shows the values of the pressure 
coefficient as computed from Houston’s formula, eq. (2), 
which uses 6=^So=constant. 


Table I. 

(All values negative unless otherwise indicated.) 


Element. 

Calc. 

(6 ocw-l/S). 

Calc. 

(6=const.). 

riK Oalc. 

(Houston). 

Li. 

-23 

- 38 

+ 6*9 

+12 

Ka ... 

43 

680 

- 68 

+ 70 

K . 

72-5 

128 

200 

+10 

Cu ... 

3-2 

4*2 

205 

- 5*6 

. 

4*8 

6*2 

3-7 

6*7 

Au. 

3-0 

4*4 

3-2 

9*5 

Mo ... 

0*88 

1*52 

1-36 

4*5 

W. 

0-76 

1-32 

1-31 

9-5 

m . 

2*40 

3*0 

1*61 

7*0 

Pd. 

2*32 

3-0 

202 6-9 

pt. 

1-92 

2*40 

2*02 9*4 

A1. 

60 

7*9 

4*25 

2*1 

Cd ... 

7*5 

11-6 

10*8 

5-3 

Fe. 

2'30 

3*4 

2*5 — 

Pb. 

12*2 

15-7 

14*7 

5*1 


The general agreement is best for the values calculated by 
the formula here developed, eq. (4), for the case 6 = constant, 
i. e. the range of the ionic field practically unaffected by 
pressure. The agreement may be considered fairly satis¬ 
factory, considering the necessarily approximate treatment 
of the field of an ion involved in Houston's theory. The 
present method apparently does not account for the positive 
pressure coefficient of Li, unless the value of fc as a fraction 
of So differs markedly from that of other substances. 
If h Gc n 3^ there is on this theory (and also in Houston’s 
formula) no possibility of a positive pressure coefficient. 
Houston’s formula gives positive pressure coefficient for Li, 
Na, and K ; for the other elements the pressure coefficient 


















970 Drs. JS. A. V, Piercy and E. G. Richardson on the 

is negative and in most cases considerably higher than the 
observed values. 

I wish to express my indebtedness to the United States 
National Research Council and to the Internationa] Edu* 
cation Board for the opportunity of study at King's College, 
London, and my sincere thanks to Prof. 0. W. Richardson 
for his continued interest and encouragement. 

King’s College, London. 

August 24th, 1928. 


XCVI. Hie Variation of Velocity Amplitude close to the 
Surface of a Cylinder moving through a Viscous Fluid, 
By^.A. V. PLEB.CY, JD.Sc.y andE, G. Richakdson, B.A,, 
D.Sc,, Ph.D.* 


1. Introductory, 

I T has been tentatively suggested t that the discrete eddies 
appearing in the wake of a body moving through a 
viscous fluid beyond the range for streamline flow, may grow 
into being from the coalescence of neighbouring vortices 
during their passage over the surface of the body. Experi¬ 
ments directed towards investigating the matter in the case 
of an ogival wedge J in a stream, showed comparatively 
steady motion near to the surface through the vortex sheet 
cast off from it. The counter suggestion was therefore made 
that the periodic motion in the wake was due to the rolling- 
up of the vortex sheets some distance behind the body. 

An exploration of the fluctuation of velocity adjacent to 
the surface of a circular cylinder, placed with its axis across 
the stream, has recently been carried out in the aerodynamics 
laboratory at East London College. The results differ from 
Messrs. Page and Johansen’s experiments at the back of a 
wedge and tend rather in support of Prof. Levy's Anew, 
with the proviso that the cumulative process is limited to a 
small area of the surface. 

2. Nature of Investigation, 

A quantity that is roughly proportional to the amplitude 
of the velocity fluctuation was observed at short intervals 
round twelve circles, concentric with the cylinder and 

* Communicated by the Authors. 

t Levy, Phil. Mag. ii. p. 844 (1926). 

i Page and Johansen, Phil. Mag. v. p. 417 (1928). 
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separated from its surface by distimces ranging from 0’0025 
cylinder diameters to one hundred times that amount. The 
readings were found to be sufficiently consistent to permit 
of the construction of contours, and the results to which 
these pointed were in part checked by an alternative method. 
The second method, in which the periodicity was made 
audible, it is thought may prove of general use in experi¬ 
ments of this nature. 

3. Apparatus and Methods. 

The smooth aluminium cylinder, turned to 4 inches 
diameter, reached from wall to wall of a 4-foot wind- 
channel. It was supported in bearings at the walls so as 
to permit of orientation about its long axis without inter¬ 
rupting the air-stream. The hot wire was of platinum, 
0*001 inch diameter and 1*0 inch long, and was fastened 
betw^een the ends of two thin brass rods, which were threaded 
through insulating bushes fitted along parallel diameters of 
the cylinder and projected an adjustable distance from its 
surface. These rods served as leads for a current of about 
0*5 amp. 

The quasi-periodic variation in resistance of the hot wire 
due to its heating and cooling in the Huctuating stream, 
induced oscillatory e.m.f.’s in the secondary coil of a step-up 
transformer connected with a vibration galvanometer of 
unifiiar type. The instrument was set considerably out of 
tune with the frequency of the.motion and thus acted as a 
string galvanometer which was not critically damped. 
Various tests, reported elsewhere confirmed that in this 
use of the instrument the amplitude of the oscillation of the 
string could be regarded as roughly proportional to the 
amplitude of the velocity fluctuation, assuming nearly 
constant frequency and speed. The refinement of allowing 
for the variation of mean velocity was not attempted. 

In the alternative method, the oscillatory e.m.f.’s induced 
in the secondary of the transformer were amplified until 
they were capable of producing an audible note of corrre- 
sponding frequency in a telephone receiver. We used a 
three-valve resistance-capacity coupled amplifier in which the 
secondary of the transformer with its oscillating e.m.f. formed 
the ^‘grid-bias’’ of the first valve (fig. 1). 

To illustrate the use of this method, some estimates w^ere 

* In a paper submitted by us to the Aero. Res. Comm. See also 
Relf and Simmons, Phil. Mtig, xlix. p. 609 (1925); and Tyler, Phil. 
Mag. V. p. 449 (1928). 
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made of the frequency in the wakes of a few thin rods, as 
follows :— 


Velocity, 

V. 

Diameter, 

D. 

Frequency, 

V 

nD, 

400 

0-12 

600 

5'55 

562 

0*51 

215 

5'10 

400 

0*24 

315 

6-83 

562 

0-24 

413 

5*68 

400 

0-40 

186 

5*40 

562 

0*40 

265 

5*20 


The above values of n were determined by comparing the 
note heard with a note in the sonometer. The results are in 
agreement with those obtained by other means *• The path 


Fig. 1. 



of the vortices was traceable downstream by means of the 
^phones, while a diminishing intensity of sound showed a 
damping out. By choosing suitable cylinders the critical 
value of Reynolds’s number could be found, the channel speed 
being gradually increased until a note became audible. 

4. The Results. 

The readings obtained with the vibration galvanometer are 
given in fig. 2, plotted in cylindrical coordinates. The 
numbers attached to the curves give the distance of the wire 
from the boundary—constant for each curve—expressed in 
terms of the diameter of the cylinder. From these curves 
and those of fig. 3, contours of equal galvanometer ampli¬ 
tude have been prepared and are shown in fig. 4. The 

* Richardson, Proc. Phys. Soc. xxxvii. p. 178 (1925). 
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numbers attached to the contours are proportional to the 
width of the band of light thrown upon the scale less its 
static width. The peculiar form of the contours near the 
front of the cylinder led to the more detailed exploration in 
this region recorded in fig. 3. 


Fig. 2. 



Amplitude of deflexion of vibration galvanometer with the hot wire' 
various constant distances from the surface, as marked on the curves 
in cylinder diameters. 


It will be seen that the front stagnation point is a centre 
of disturbance, which, however, is damped out in the air as 





Fig. 3. 



-D/STANCE FROM SURFACE (d/AMS.)- 

Exploration by vibration galvanom3ter near front stagnation point. 
The angles are measured from the upstream direction. 

Fig. 4. 






Velocity Amplitude in a Viscous Fluid. 975 

it flows out o£ the region. The reading close to the surface 
again begins to have an appreciable amplitude at an angle 
o£ 60® with the upstream direction. From there, the ampli¬ 
tude rapidly increases, reaching a maximum at an angle o£ 
about 80®. After this sharp peak, it as rapidly decreases, 
and is then built up more gradually to a large value that 
extends round the back o£ the cylinder. These features are 


Fig. 5. 



Locus of peak Talues of velocity amplitude, as determined by the 
vibration galvanometer method (crosses) and the audible method 
(circles). 


similar in many ways to those that we have found close to 
the upper surface of an aerofoil so that it is likely that 
they apply to cylinders differing widely in section. 

The peaks of fig. 2 mark the position of a wedge of large 
velocity amplitude, which is shaded in fig, 4. Within this 


* Zoc. cit. Aero. Res. Comm. 
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wedge the low frequency ramble discernible in the telephone 
receivers, using the second method of experiment, attained 
maximum intensity. In fig. 4 is also drawn a contour along 
which the periodic motion became audible. 

Fig. 5 gives the position of maximum amplitude found by 
the vibration galvanometer and for comparison includes that 
indicated by the other, or telephone, method. Fig. 6 shows 
the variation of maximum amplitude with distance from the 
surface of the cylinder. From the latter figure it will be 
observed that at a very short distance from the surface the 


Fig. 6. 



Variation of maximum velocity amplitude with distance from surface, as 
determined by the vibration galvanometer method. 


amplitude reaches half-way towards a maximum, which 
itself occurs, according to this method, at no greater distance 
from the surface than 0*04 cylinder diameter. 

5. Conclusions» 

Vhese experiments show that the turbulence in the region 
of the front stagnation point of a circular cylinder is not 
carried by the fluid round the surface. The velocity appears 
steady over about one-third of the surface facing the wind. 
Well before the shoulder of the section is reached, however, 
turbulence sets in anew, and rapidly increases to a maximum, 
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or peak, value. A wedge-shaped funnel of high velocity 
amplitude almost abuts on the surface here. This may 
possibly form a species of exhaust duct for coalesced vertices^ 
such as Prof. Levy envisages, but in that case the vortices 
are collected from only a small area on the neighbouring 
surface. The experiments might well be developed at some 
time to take account of variation of mean velocity. 

Dr. Piercy has pleasure in acknowledging assistance from 
the Keddey Fletcher-Warr Studentship Fund, and from the 
Dixon Fund, both of the University of London, which 
enabled this investigation to be carried out. 


XOVII. On the Dynamics of an Electron. 

By U. Meksyn 

I. Space and Time in Physics. 

§ !• The General Principle of Relativity and Motion of 
Electrons. 

attempt to apply the General Principle of Relativity 
to the motion of Electrons is met at the outset with 
insurmountable difficulties. It appears as if the problem is 
inherently self-contradictory. As a matter of fact, the track 
of an electron in an electromagnetic field is a curvilinear 
one ; on the other hand the space, as follows from the law 
of motion of an electron, is not curved (unless a gravitational 
field exists) ; hence the motion cannot be a free one, as it 
should be according to the General Principle of Relativity. 

It seems that this contradiction is intimately connected 
with the conception of Space and Time in the Principle of 
Relativity. 

§ 2. Space and Time in Geometry and in the Special Theory 
of Relativity. 

Space and Time are considered in the Special Theory 
of Relativity and in Geometry to be a physical Entity 
sui generis^ which imposes its metrical laws upon solid bodies 
located in it. So, for instance, we could conceive two spaces 
(and times) which are similar in every respect, except that 
the dimensions of the first are. say, only half of the second 

Communicated by H* T. Flint, D.Sc.] 

Phil. Mag. S. 7* Vol. 6. No. 39. ffov. 1928. 3 S 
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one. I£ we transfer a solid body from the second space into 
the first one, the latter will cause the body to shrink and 
take only half the size that it had previously. Such a change 
in dimensions of Space can be brought about, according to 
the Special Theory of Relativity, if we set a body in motion. 

Until the appearance of the Principle of Relativity it was 
usually held that space had three dimensions, and its metric 
was given by Laws of Geometry. The Special Principle of 
Relativity has discarded the conception of a three-dimensional 
space and one-dimensional time, but has accepted the idea of 
Geometry that space is a kind of objective physical Entity 
which imposes its metrical laws upon solid bodies ; therefore 
the Theory of Relativity has drawn the conclusion that, 
because it follows from Lorentz’s transformations that the 
space dimensions of a fourfold system decrease if the latter 
is set in motion, a solid physical body which belongs to a 
moving system will shrink in its space dimensions. 

^ 3. Geometrical or Rigid Space. 

What, however, is meant by Space in Geometry is as 
follows :—There exist solid physical bodies which possess 
some metrical properties; they have finite dimensions 
(length, surface, volume) ; they do not change their 
dimensions if transferred from one part of space into 
another. 

Now, it appears that it is possible to account by deduc¬ 
tion for all metrical properties of solid bodies, if we 
construct an appropriate system of reference, a “ space,^’ 
in such a way that all metrical properties of solid bodies 
(length, surface, volume) are properties of the space itself, 
and every element of let)gth is expressed by some definite 
(quadratic) function of three appropriately chosen directions 
in space. 

Hence, rigid bodies do not change their size if transferred 
from one part of Geometrical Space into another, not because 
the latter is homogeneous, but conversely the Geometrical 
Space is homogeneous for bodies which do not change their 
dimensions by such transfer. 

It does, of course, not follow that there is no objective 
space, or that this space has no metrical properties of its 
own. (We do not touch upon this question here; what it is 
necessary to notice is that the Geometrical Space, which 
gives us the metrical properties of solid bodies, is something 
quite difEerent from the objective space (if we admit its 
existence).) 
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§ 4. FouT»dimensiOnal or Kinematical Space^ 

The idea of Space in Geometry will become clearer if we 
turn our attention to classical kinematics. It was built up 
upon different lines than Geometry. 

In Geometry, as we have seen, all metrical properties of 
solid bodies are properties of the space itself. 

In classical kinematics, side by side with metrical 
properties of Space, it was necessary to introduce some 
quantities which do not belong to the space (velocity and 
acceleration). The classical kinematics has lacked the unity 
of design which characterized Geometry. 

The achievement of the Special Principle of Relativity 
was to restore this unity. The four-dimensional space is 
constructed in such a way that all kinematical elements of 
motion appear as metrical forms of the space itself; so 
velocity is the tangent of the angle between time axes, and 
acceleration is the radius of curvature of the four-track. 


§ 5. Dynamical Space. 

If we turn our attention to the dynamics of the Theory of 
Relativity we notice that here again the above-mentioned 
unity is not maintained; the fundamental quantities of 
dynamics, momentum, and Energy appear not as metrical 
properties of the Space itself, but, so to say, as properties 
brought into the space. 

It is clear, therefore, that the natural generalization of the 
Special Theory of Relativity is to construct a dynamical 
space in which momentum and energy would be properties 
belonging to the Space itself. 

§ 6. Electricity and Gravitation. 

Before proceeding further we must bear in mind the 
divergence between an Electromagnetic field and a field 
of Gravitation. An isolated mass-point possesses a field of 
Gravitation, and it is usually held that an isolated charged 
mass-point has also an Electromagnetic field. We think, 
however, that the latter appears only if there are at least 
two electrons at a finite distance. 

Hence, in the corresponding fundamental form this must 
be brought out by appearance of crqss-terms of different 
spaces rather than by a change in the fundamental form of 
every space separately. 

3S2 
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II. The Fundamental Foem of Dynamical Space. 


§ 7. Lagrange^s Equations in the Special Theory of Relativity,, 

The idea o£ a dynamical space is not a new one. Such 
space is used in Lagrange’s equations. Lagrange’s space, 
however, is built up in conformity with the old Hnematies, 
L €. in it the time coordinate is separated from Space. This 
ought to be modified in such a way that time shall appear 
symmetrically with Space; this is necessary to bring it into 
agreement with the Special Theory of Relativity. 

Lagrange’s equations are : 

dt “difc ^ 


In the classical Mechanics T is the kinetic Energy; but in 
the Theory of Relativity T is the so-called kinetic Potential, 
a quantity which has neither a dynamical nor a metrical 
meaning. 

*The first step to be made is to bring Lagrange’s equations 
in the Special Theory of Relativity into such a form that it 
shall contain only metrical quantities. 

For one material point this is easily done. If the funda¬ 
mental form is 

ds^'^dt^-—dx^--dy^ — .... ( 2 ) 

where t is chosen in light seconds. Lagrange’s equations 
become in a variational form 


I + = .(3) 

* Jr^ 

where V is the potential Energy. The Geometrical inter¬ 
pretation of (3) is that the four-track is a geodesic line on 
some surface V==0. If V disappears the track is a geodesic 
line of a free space. 

In the case of several material points we consider Ihe 
fundamental form 

ds^= S mk{dt^—dse)?—dyj^—dz^), ... (4) 

tel 

which has 4n dimensions. It is easily seen that Lagrange^s 
equations become 

S) (^ds-\ — 

Jr / 

* 1 : 


. . (5> 
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as a matter of fact, from (5) wa obtain 

d (dxk\ 1 5V 

^ dr \ ds ) 

k 


( 6 ) 


There are in all 4n — 1 independent equations and only 3n 
given space projections of force, so that we are left with 
n — 1 time projections which we can dispose. 

We define them from the following n —1 equations : 

dtj?--dx]?--dyj?^dzj?=dt^--dx^~-dyj^~-dzi ^. (7) 

they are evidently equivalent to 

^iedxjc-^Yjcdyjc-)r7ijcdzic'--T]cdtk^0y . . (7a) 

where X* Y* Z* T* are the projections of the force. 

From (7) the denominator in (6) becomes 

/ l-^n 

ds^ \/ % mi. {dtj^ — dx]? — dyi? — dzf ?^, 
or inserting (ds) in (6) we obtain 

d /__\ by_^ 

dT i ^dtk^-dxi^-dyj^-dz^) ^ 
which is the law of motion. 

The expression (6) appears to be rather disap¬ 

pointing, as it has had hitherto no dynamical meaning ; 
it need not, however, trouble us, because it will later 
disappear in the rigorous laws of motion. 

What we have to notice is, that for several material 
points the law of motion is a geodesic line of a 4n dimen¬ 
sional space. 


§ 8. Ihe Electromagnetic Field and the Form of Space. 

We turn our attention to the case of an Electromagnetic 
Force. Lagrange’s equations for an electron are 

where T is the kinetic Energy, 

M = —wiF —ViG—toiH), ... (9) 

— ^ is the scalar, F, G, H the vector potential of Force, 
ex the charge, and ?^J vi the velocity of the electron. 
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To find now the fundamental form of space, we must bear 
in mind two points: 

(1) In (8) the kinetic and potential Energies appear 

perfectly symmetrically. 

(2) Lagrange^s expression (1) for the equations of 

Motion becomes a geodesic if T is a quadratic 
function of 

Hence our task will be achieved if we transform (9) into 
a quadratic expression. 

Suppose that the external field is produced by one moving 
electron whose coordinates, charge, and velocity are 

^2 ^2 ^2 ^2> ^29 ^2* 

Then (9) becomes 

Cl e 

M=——Miitj—t’jr2 —. , . (10) 

where 

v^(^l —^2/ -h lyi —^ 2 ^ 22)^. 

This expression for M suggests at once the expression for 
the fundamental form of space in this case. It is 

= m(dx^ — dx^ — dx^) 

e\ Oo 

H —— dxs—dxi dx^ — dx^ dx^ — dx^ dxT) 

+ M {dxg — dx^—dx^—dx/) .(11) 

In the general case where the external force is produced 
n — 1 electrons, i. e. in the case of the 7i electron problem, 
if we denote the mass, charge, and coordinates of the ^th 
electron respectively by 

TTljfc, Xk+1 Xk-j-2 ^k+3 • • • • 

we obtain the following expression for the fundamental 
form 

ds^s^gfiy dx^dxy 

Jc=n 

~ — dx^k+1—dx^k+2—dx\+s) 

Z=7l 

+ ^ <j)rci(dxk+idxi+i 

—dxu+\dxiJ^.-i — dxjc+2dxi+2—dxk+idxi^^,. (13) 



where 
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k^l and <f)ki= —^ 
rki 

'rki=\/ (^fc+1 — (.ari+2 — .■Bi+j)® + (^«+s—^J+s)* 


, (14) 


or 


if 


<f>kt = 


6k ei 
C^Tkl 


c is the velocity of light. 

The Equation of Motion will be 


Sjis=0.(15) 

or a geodesic line in 4n dimensional space, which w® proceed 
to discuss. 


III. The Two-Electron Problem. 

§ 9. The Form of Space. 

We consider the problem of 2 electrons. The fundamental 
form for this particular case is 

ds^~ m(da;/— dxf — dx^ — 

— (c?.r4 dcc^ — dxx — dx2 dx^ — dx^ dx^) 

+ ^l(dx^^ — dx^^ — dx^^ — dxj^) .(16) 

A glance at this expression shows ns that it satisfies the 
physical conditions of an electromagnetic Field. The eight¬ 
dimensional space is split np into two four-dimensional 
spaces which are Euclidean, but taken as a whole this space 
is not Euclidean because of the cross terms. Hence an 
electron will not move in a straight line. 


§ 10. 2%e Fundamental Tensor. 

The discriminant g is equal to 

^11 . . • gi^ • • • 

• ... ^26 • • 

• • ffsz • • • 

• • • ^44 • • • 

.^51 . , , , 

• 9s2 • • • 966 

• * 976 • • • 977 

• • • 5^84 • • • 5^88 

and is split up into four separate determinants, 


9== 


(17) 
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Or 


9 — (5'U<)'«5“"5'16^)($'S25'6*'“5'26*)(5'335'77 — 5'87*)(fl'445'88 9«&^> 
and the contravariant tensor g>^'' is equal to 


^n-a ^35 

9u9is-9ii 

gl5_ 9\6 

^'nS'ss— 9^6 

in our particular case 


- 9n__ 

9n96i—9\5 

^48 _ — 9 ^ 

9i*9ss~9i8^’ 


. (19) 


where 


9n~922=9s3-—9ii= — 

5'm = ^66 = .'?77=—^'88=- f 

eE i ' ‘ 

9is=9ie—937——9is— j 


m, e, ail a;^ Xi, and M, E, x^ x^ Xi x^ 


( 20 ) 


relate respectively to the Electron and Proton. 


§ 11. The Equation of Motion is, as we have seen, a 
geodesic line of this space, or 


ds^ 


+ {fWCt} 


dx^ dxy 
ds ds 


0 . . 


. . ( 21 ) 


In the general case of an eight-dimensional space, there 
are 288 three-index symbols, but in our case the number 
reduces to 136, and, if does not depend upon lime, to 102, 
The only symbols which do not vanish are 


where (a' 


{««,«} = 


\ 

II 

1 . ^aa' 

(but a} — 0), 

{iMfJ, «} = 

__ 1 „<ia^9lil^' 

, d^a 


{/*«',«} = 

1 -gg '^9<>-'a 

/ 

II 




(22) 
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There are in all 8 equations ; the first four give us the 
motion of the electron ; the last four, of the proton. 

If we write out the equations (21) and insert the values of 
the 3-index terms, we obtain the following expressions :— 






^yisv) 

1 V, 

'by^v 

bygsy W 

'b^4 *J 


^ba?2 * 

b^4 y 

by87^7 ^ 
b^4 



^yi5y \y 

b^8 / 

dysey ) 

d^s y 


by48y^^by.8y^ 

0^2 U ^3 

+ V 4 ' 


^.984 'y- 
bxg ® 


+ 

)v, = o. 


. . . (23) 


§ 12. The equations (23) could be brought in a form which 
will at once show their relation to the usual equations of 
Motion of an electron. 

Let F, O, H, —^ be the vector potential ; then the 
electromagnetic force is 

_ bH dG 
““by b«"’ / 

X — i 

*“b« b^"*/ 


. . (24) 
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, e « wft see that (except for a 
From the values ot gv,, 

constant factor) 

,„y.=-EF„ ...V.=-EO. = 

... (25) 

Hrri":ro p-*”- ’ 

ViV2V3V,=V„ VjV.V^Vg-Vr • • W 

^ (9l\ and (25), the equations (23) 

I£ we maxe use ot (.^4) ana j, 

become , 

[XpV4 +YpV2-"^pV3] 
-^‘^ECX.Vg+Y^Ve-^eVTj 

(2T) 

^ s: g^*e [XpVi+YpVa+ZpVs] 

q.^«E [X«V5+Y«^6+Z.V7] 

•A ^ Pi,A nase of a steady electromagnetic 
1. Let us and the velocity of the 

field. Or we assume that ivi—^ 

proton ta v.,V.,V,-»0. 


,u=_i, p«= + i, p>‘ = <-” = /’“S^ = »' 


Then 
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and (27) becomes: 

=e [XpV4+YpV^-^pVj], 

[X,V, +YpV. + Z^Va], 


987 


• (28) 


Now the four-velocity can be transformed as follows :— 
ds^ = m[da;^—dx-^—da:i—dx^) + 'SA.{da;i—dx^—dx^ — dx^Y 

+ — Idxidxi — dxidxi — dxsdx^—dxgdxj) ; 

V 


to the first order of approximation the last term may be 
omitted because — ^or if c is the velocity of light^ 


is small in comparison with the mass of an electron j also, 
the force acting on the electron satisfies to the first approxi¬ 
mation the equation (7 a) ; hence we have 


= dxi--dx-^--dx^--dx'^^ (29) 


as this does not impose new conditions on the variables. 
Whence 


d^ = (m4 M.)(dx^'^dxi^dx2^dx^^ 

=^(m’{-lA.){dx^ —dx^’-‘dx^-^dxj^^. 

The factor appears twice in the denominator of 

the left and the right side of (28) (in the electric force 
through the vector potential, and in the velocity) ; hence it 
drops out from the equation of Motion, and they become, if 
we divide both sides by V 4 , 

. ) . . (30) 

d dx A P ^ — a 

where w, t’, w is the three-velocity, and 

dr^ = ^4^4^— dx^’-^-dx^-^dxi. 

These are the usual equations of motion for the electron. 
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2. In the general case, as is seen from (27), the force 
consists of four parts. Two of them are due to the direct 
action of the proton, and the other two forces to the reaction 
on the proton, due to the electromagnetic force of the 
electron. 

The first one is the usual Lorentz’s force, the second one 
is some new force ; it is equal to 

-^“(gradpis . V^)V6w^u(gradpi5' Ye)Vi. 


3. From the equations of motion (21) a remarkable conse¬ 
quence follows concerning the number of degrees of freedom 
of an electron. 

As is known. 


f d^af- , , , did^ da^l. . 


(31) 


or there are only 4n—1 independent equations for n elec¬ 
trons. If we assume that the proton has three degrees of 
freedom, then we are left with 4n—4 equations for n—1 
electrons; or an electron has four degrees of freedom. 

The fourth degree of freedom is in the direction of time, 
or, better, it is the kinetic energy, which is not equal to 
dl/ 

as the Special Theory of Relativity gives^ but has 

to be found from the equations of Motion. 

Our assumption (29) about the connexion between different 
times is only an approximate one. We must choose one time 
(of the proton) as an independent variable, and find all others 
from the equations of motion. 


4. The^ so-called vector potential of Electrodynamics is 
the covariant velocity in the dynamical space. 

For instance, 

ds~ ■ di 


which, for the particular case where the proton is at rest, is 
proportional to the vector potential of the electron 



_i_ f.... 




§ 13. The Wave Equation 


(32) 
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is rather complicated. We consider here tlie simple instance, 
when ^15 = ^28 = pfjj s= 0, or of a purely electric field. For 


this 


case 


» except for the expression 




ID 


+ o U 


.U ^g'48 ^ 28 5^48 _j_ M 

^ Bir2 Bars ^ 


3^48 

B^s 


-J-gSS^^48 B <^ ^„ 66 B £ 48 ^ ^*^ “1 , 

B ^8 B ^5 B ^6 6 B *®7 


(33> 


We neglect, however, the cross terms in (33), because 
from the expression of which we shall take, the second 
term for the Hydrogen Atom is only ~ 10~^® of the first 
one. 

So that the wave equation becomes 




+9‘ 


,44 


B^»4=' 


+9 


55 


Ba?6^ 


+9' 


88 B'^ 
Ba!8® 


+ 2ff' 


.84 


Bir4B«8 


= 0. (34) 


Inserting in (34) the values of the tensor g'“', we obtain 
after easy transformations 


1/B^<^ , B^0 , B^<^\ , , BV , BV\ 

wVBdri* Ba-3* Bo-W^ MVB^s" B^e^* BV/ 

O-J -^'1=0 

7JlBi*’4^ MB^8* Mm B^^Bi^^S j * 


(35) 


]^e 

’where V—-“ electrostatic potential. 


This can be brought (under special assumptions) ta 
Schrodinger’s wave equations. Let us take for ^ the 
expression 


. . (36) 


or we assume in conformity with de Broglie’s ideas that not 
only Energy due to motion of an electron passes a frequency 

^, huJb also Energy due to the rest-mass has a frequency. 

For the Hydrogen Atom ^ = V® ^ 10“® ; hence Ei®, Eg* 

could be peglected in comparison with mEi, MEa, and Ej, 
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Eg in comparison with m and M. Under such approxi¬ 
mation we easily obtain from (35) (36) the equation for : 

1 . W . . 1/^ 4. ^ 4. 

^ Ba?2® Bi»3*/ ^ Bare® B*7®/ 

+ *^[^Y^+(E. + E,)Tv]t=0. (37) 

We can now transform (37) as follows :—Let us change 
the variables: 

X = x-^—Xf, (m + M)f = mXx + Ma:s,| 

t/ = Xz—x^ (mH-M)7? = wi.r2 + Marj,/. . (38) 
z = a? 3—.^3 (»n+ M)f s= ma? 3 + Mary.l 

Using (38), we obtain from (37) : 

1 /B^ B®^ _l_ B®V>' 


m 






+ -l—(l 

7 ^ 7 /t + M \; 


5®f I , B®^^\ 


+ 


B^®/ m + MVBf B»;* BS®; 

8w® f M + »n 


F + (El + Eg) - v] = 0, 

mM 


A® 


. . . (39) 
. . . (40) 


Let us iissurae for : 

=/(a?) y, S') V, 0 ; 

hence 

x[^ + (E, + E,)-Vjy=0. . . (41) 


Let 


m + M 


V®^=- 


47r® 


.... (42) 


From (41) and (42) we obtain 

^Vy+^[(E. + B,)-V]/=0, . . (43) 

which is Schrodinger’s equation. 

The radiation function is 


2 jr 

.... (44) 
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because to tJie first order o£ approximation 


the rest time. 


— A’g — t) 


§ 14. The Metric of Space. 

The bearing of the fundamental Form of Space to 
Einstein’s gravitational tensor and G is as follows :— 
To the first order of approximation (or neglecting the 
squares of gaa' and g^' in comparison with ^®) we obtain 

O- — 1 yT«rp ( ^^9<rp I __\ 



We have to take for our approximation only a=p; hence 


G. 




_ 

' ®^ VB-»<r® B^.B^c 


_ dyva- \ 

B^jtB^o-/ 


and we obtain 

G = — flSS 

^ B^iB.t'6 

G..= -i9“ 

(q _ jL / „ii 

Gi6-2^^ 


_I fd B®ff26 


+ 9 


,22 B®ff'lo 
B%® 


+ ...+/“ 


B®g'l5 

B^s® 
Bj^i' 


} 


(46) 


_1 -55 B®.9'15 

B^5® ■ 


(47) 


From (47) it is easily seen that Gpv=0 only if Gpy=const., 
or if there is no electromagnetic connexion between the 
electrons. 

The gravitational invariant G is equal to 

G=^'‘-Gp, 

= _ 2gV \ 

^ \Ba^iB«’6 Ba^sB^e d^ad^r d^tda^s/" 

Hence ^=0 for our fundamental Form. 


My thanks are due to Dr. H. T. Flint, for his criticism 
and help in the writing of this paper, 

Wheatstone Laboratory, 

King’s College, London. 
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XCVIII. An Example of Operational Methods. 


To the Editors of the Philosophical Magazine. 
Gentlemen,— 


S INCE the publication of Dr. Jeffreys^s Tract * on 
Heaviside’s operational methods, several enquiries 
have reached me, from which dt would seem that a few 
additional easy examples may be found of interest to 
students of these methods. One such has suggested itself 
from reading a leader in ‘ The Times ^ (of the 8th June) on 
the effect of the deep-^earth^temperature : it seems that, 
roughly speaking, when this temperature is below 47^ Fahr. 
pulmonary diseases are prevalent; and above 57^ Fahr., 
infantile diarrhoea is to be feared. The mathematical 
problem suggested is the following:— Suppose the air 
outside a conductor {having a plane face) to he Tcept at 
temperature and the deep-temperature in the conductor to 
be Vi. Find the temperature at the surface^ allowing for 
radiation. 

Take the face of the conductor as ^’ = 0, and the positive 
direction of x to be inside the conductor : then, using the 
notation explained in my paper f, we have (inside the 
conductor) 

+ (^2 — 


where is the temperature at a? = 0 and q^-^iplk, 

The correct form of the surface-condition is uncertain, but 
we may use an equation similar to that which holds at a 
metal surface, namely 

^o)* 


Thus 

or 


q(v^—v^)—h(v2—VQ'), 
_ hvQ-\-qvi 

^ A-f-y 


An exact calculation of can be made in terms of error- 
functions (by means of the formnlse on p. 96 of Dr. Jeffreys’s 
Tract) : but in problems of this kind, as remarked by 


* ‘ Operational Methods in Mathematical Physics ’ (No. 23 of the 
Cambridge Tracts), 1927. 
t Proc. Camb. Phil. Soc. vol. xx. p. 411 (1921). 
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Heaviside (^Electromagnetic Theory,’ vol. ii. pp, 14-16), 
there are two easy series which may be found, the first being 
suitable when </t is small, the second when tjr is large, 
where t is the time-interval given hj 

In the present problem exact values of the constants A, k 
are not available, but if we make estimates on the lines of 
Lord Kelvin’s article * on ‘‘ Conduction of Heat ” (Encyclo¬ 
paedia Britannica, 9th ed., vol. xi. pp. 580, 586), it seems 
not unreasonable to take t to be from 40 to 50 hours. Thus 
the solution to be aimed at corresponds to the hypothesis 
that tjr is small ; or, in the symbolic calculations, we may 
treat Jilq as small. This gives the result 


,-Vl+(Vo + ...j 


2 . 2.2 
l.Z.bVn 


The series converges for all values of t, but is convenient 
for calculation only if ^/t<^ (as a rough guide). 

However, in the application suggested, the interval t i 
not likely to exceed 7 hours, and tjr may be taken as abou 
\; this gives roughly ^ as the value of the series in the 
brackets. This shows, for instance, that if the maximum 
outside temperature is 90°, and the deep-temperature is 54®, 
the surface-temperature would not be likely to rise above 66®. 
These numbers make no pretensions to great accuracy; but 
they do seem to confirm the conclusions of the ^Times’ 
that the deep-earth-temperature is of more importance than 
the air-temperature in determining conditions of health at the 
surface of the earth, 

I am. Gentlemen, 

Your obedient servant, 

Cambridge, T. J. I’a. BrOMWICH. 

8th June, 1928. 


* Reprinted 
Papers.’ 


in volume ii. of Kelvin’s ‘ Mathematical and Physical 


3 T 


Phil, Mag. S. 7. Vol. 6. No. 39. Nov. 1928. 
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XCIX. 2'lie Potential Function due to certain Plane Poundary 
Distributions. By C. Fox, M.A.{Camh^^ D.SG.{Lond.)^. 

§ !• Introduction. 

T he object of this paper is to give the potential function 
throughout space when either the potential or (in an 
electrical problem) the charge is known over (i.) a plane 
and (ii.) two parallel planes. The method is illustrated by 
application to several problems : for example, the guard-ring, 
the freely-charged elliptic disk^ and the problem of the 
potential field arising from an infinite conductor bounded 
by two parallel planes with two elliptical disk electrodes, 
applied so that the join of their centres is perpendicular to 
the bounding planes. When the two axes of the elliptical 
disks are equal, so that they become circular, the last 
problem becomes identical with that of Nobili’st rings, first 
solved by Riemann. 

The method consists in applying a theorem, due to 
Neumann, as follows : 

27rf{r, (f>) - ( udu( ( <I>) 

Jo J-ir Jo 

X Jo[w\/{R^ + r2-2Rrcosr3>-0)}]RciRc^4>, (1.1) 


provided that the following conditions J are satisfied :— 

(i.) y*(R, 4>) is a hounded function of the real variables 
R and whenever —tt_ and 0_R, and is such that 




£xists and is absolutely convergent. 


(ii.) /(R, 4>) as a function of ^ is of hounded variation in 
the interval (0, oo ) for every value of lying between jkTr, 
this variation being an integrable function of 4>, 


(iii.) If 12(R, denote the total variation of F(R, <I>) in 
the interval (r, R), let 12(R, ^) tend uniformly to zero with 


* Communicated by the Author. 

■f The solution of this problem with references is given in Gray, 
datthews, and MacHobert^s ^ Bessel Functions/ p, 144, § 3,1922 ed. 

X Since writing this paper I have discovered that condition (ii.) is 
superfluous, whilst condition (i.) can be replaced by another which 
is satisfied by all the functions that occur here. The proofs have not 
yet been published. 
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respect to as £l —>r throughout the whole interval 

with the exception of values of ^ in a number of sectors the 

sum of whose angles may be assumed arbitrarily small. 

(iv.) If (n is a point of discontinuity of f(K^ <&), then 
f(r^ cf}} on the left-hand side of (1,1) must he replaced by the 
mean value of f(fSi^ <1>) taken round a small circle with the 
point (r, <^) as centre. We assume that this mean value is 
finite^ 

This theorem is proved in Watson’s ‘ Bessel Functions' 
where it is also shown that the order of the integrations on 
the right-hand side of (1.1) with respect to R and ^ may be 
interchanged. 

Thus (1.1) can be written 

27r/(7’, <^) = r udu\ r /(R. <I>) 

Jo Jo J-w 

X Jo[w i/{R2 + --2Rr cos (<1>-<^>)} 1 Rd^dR. (1.2) 

The conditions above are too narrow t, as we shall show by 
an example later on. We shall also make use of the fact 
that in cylindrical coordinates 

e^^^Joiur) .(1.3) 

is a solution of Laplace's equation. On changing the origin 
in the plane , 2 : = 0 to the point (R, it follows from (1.3) 
that 

{R^ + ^®—2Rrcos(<I>—<^)}]- • (1*^) 

is also a solution of Laplace’s equation. 


§ 2 . The Potential Field arising from a Known 
Plane Distribution. 

2.1. If the value of the potential J over the plane - 2 r = 0 is 
given by /*(?’, ^), which satisfies the conditions of § 1, then 
the potential function V throughout space is given by 
^00 /»00 

27rV = \ e^^^udu] \ f(R, «>) 

Jo 

XJo[ui/{R^-hr^-2Rr cos (<!>-(/>)}] RdRd^, (2.11) 
* P. 470. 

t See footnote J, p. 994. 

t Cylindrical coordinates are used throughout the paper, 

3T2 
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or by 

27rV = C f'/(R, «>) 

A Jo 

X Jo[te \/{R® + r*—2Rr cos (<&—^)}]R{i4><iR^ (2.12} 

whichever is more convenient, the upper or lower sign being 
taken according as z is positive or negative. These formulae 
follow immediately from (1.1) and (1.2) on putting ^ = 0. 

As an illustration, consider the case of a unit point charge 
at the origin for which 

f(r, <j>) = r-K 

Conditions (i.) and (ii.) of § 1 are both violated ; never¬ 
theless, on substituting in (2.12) we get the correct result, 
showing, I think, that the conditions of § 1 are too narrow. 
The calculations are as follows :— 

We have 



X Jo[MV'{R*+r®—2B,roos (O—^)}]d<I>(fR. . (2.13) 

Also it is known that * 

{R® + r®—2Rr cos (•!>—<^)}] 

=Jo('wR)Jo(«»*)+ 2 S*JOT(«R)JOT(M^)cosm(»I>—^), (2.14) 

m=l 

and that we may integrate term by term with respect to 4>. 
Hence (2.13) becomes 


Now t 


and t 


f * 00 ^<0 

s= j Jo(MR)Jo(w)dR. . (2.15) 

Jo Jo 

^ 00 

J Jo(MR)dR = 

^00 

j e~’“Jo(Mr)dM = (r* + r*)~* . . . (2.16) 


if «>0. Hence (2’15) reduces t© 

V = (r* + 3»)-i 


* Watson, ' Bessel Functions,’ pp. 127-128. 
t Watson, loc. cit, p. 391 (1). 

X Watson, loc* cit. p. 384 (1). For the case «saO we use (1), p. 391. 
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for all values of r and z. This, it is well known, is the 
potential due to a unit charge at the origin. 


2.2, If the charge at the point (r, <^) in the plane e=0 is 
given by /(r, ^), which satisfies the conditions of § 1, then 
the potential at the point (r, .sr) is given by 

V = l e^-^du\ I 

X Jo[u a /{ R 2+^2 - 2Rr cos -<}>) }] (2.21) 


the upper or lower sign being taken according as z is 
positive or negative. The order of the integrations with 
respect to R and O may be interchanged. 

To prove this from Neumann’s theorem, § 3, 

J -CO ,,00 

li fZ?/ j j /(R, <I>) 

0 J-^Jo 

X Jo [u v" { R* + - 2Rr cos (4> -</>)} ] RdRd^ 

converges when considered as an integral with respect to m* 
Hence 

i TT 

I ^±^^udu\ j y’(R, 

Jo , ^-Jo 

X Jo [ W V {R^ + 2Rr cos —^) } ] BdRd0 

converges uniformly with respect to z. We may then 
differentiate the right-hand side of (2.21) under the integral 
sign, and so 

on using Neumann’s theorem once again. But for a plane 
distribution 



where cr is the intensity of charge per unit area. Also 
there is only one potential function vvhich gives rise to a 
given charge distribution. Hence this potential must be 
given by (2.21). 

As an illustration, consider the elliptic disk whose semi¬ 
axes are a and &. The charge * at (R, 3>) is proportional to 


{ 


R* C09^ 


R2 8in*4> 

J ’ 


Jeans, ‘ Electricity and Magnetism,’ § 287, pp. 248-249. 
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■where B varies from 0 to the positive root o£ 

, B® cos® B® sin® ^ 

and ^ varies from —tt to w. For other values of B the 
charge is zero. If we let 

/ 7 * 7)2 

. 2 . 2 ^ , • . . ( 2 . 22 ) 

6®cos''^ + a®sm® ^ '' 

then 

where K is a constant. From (2.21) the potential function * 
throughout space is 

X Jo [n i/{B® + r® - 2Br cos (^ - <^) }] BilWO),’ (2.23) 

the upper or lower sign being taken according as z is 
positive or negative. 

The integral on the right of (2.23) with respect to B can 
be evaluated in terms of hypergeometric functions defined 

ty 

a/4(*l5 ... S Plj p2? ’’’Pi ’ 

— ? F(«i+n)r(«2 + n) ... r(«p+n) ^ 
n=ir(pi4-n)r(p2 + w) ... F(pj, + n) n! 

On using the power series for the Bessel function and 
integrating term by term, a process which is known to be 
permissible for a power series, we have 

=i-/7r^(i«^)’», t/2(iw+l; m + l,im + |; -i«®^®). 

. . . (2.24) 


* /(R, is Bot of bounded variation in an interval which includes 
the value thus violating (ii.), § 1. This difficulty is easily over¬ 

come by taking the range of integration with respect to K in (2.23) to 
be (0, e), and then letting There is no difficulty in showing 

that this limit is given by the right-hand side of (2,23). JBut see the 
footnote X on p. 994. 
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Now substitute (2.14) in (2.23). The series in (2.14) 
being uniformly convergent with respect to R, we may 
interchange the order o£ summation and integration. 
On using (2.24) and simplifying the first term, (2.23) 
becomes 

Jo J-^ 

+ \/7rK r e^'^du \ ^ I (i«^)”‘, 

,;o J-ff »»=i 

X i/2(im4-1 ; m + 1 ; ^Jn + I ; — 

X Jm(wr) cosm(<I>—^)<i<E>.(2.25) 

It is not diflScult to show that this series converges with 


the same rapidity as S m 

m=l 

When a = & the disk is circular. We then have from 
(2.22) = and it can be seen that all the integrals with 

respect to <1> vanish except the first, giving us 

V =: 27rKa( sin auj^(ur) — ^ 

Jo ^ 

which, it is well known is the formula for the potential 
field due to a freely-charged circular disk of radius a. 

To obtain the potential of the elliptic disk itself it is 
sufficient to find the potential of the origin, L e. we make 
r=5' = 0 in (2.25). We then get 


k( 

^- d<^ 

Jo 

-ir M 

2k( "du 

\ ^ - d^. 

Jo 

Jo « 


since is always positive. 
Again, since 


sin 


u 


du 


* Gray, Matthews, and MacRobert’s ‘ Bessel Functions/ pp. 141-142. 
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is uniformly convergent with respect to ^(>0), we may 
interchange the order of integration of (2.26), when we get 

V = 2k( 

Jo Jo ^ 

= RttC 
Jo 

- JVTra^j^ {62cos^a) + «^sin24>}r 
an integral well known in the theory of elliptic functions. 


§ 3. The Potential Function due to two Parallel Plane 
Distributions. 


3.1. If we are given that in the plane the potential 

at the point (E, <E>) is ^), whilst at the same time in 
the plane 2' = o the potential at the point (R, <E>) is ¥(R^ <l>) 
both of these functions satisfying the conditions of § 1, then 
the potential V in between the two planes 0 = is given by 



sinh u{c--z) 
sinh 2uc 



/(R, <*>) 


X Jo[ w >/ {R2 + ^ 2Rr cos (<I> -- <^) } ] UdRd^ 

X Jo[t6v^{R^+r^—2R?’cos {^—(f>)}']RdRd^. 


(3.11) 


We may change the order of integi*ation with respect to 
R and <I>. 

As an illustration consider the problem of the guard-ring. 
In this problem V = 0 over the whole plane and 

V = a constant, K say, over a circular disk in the plane 
of radius a and centre on the 2 : axis, whilst V=:0 
over the rest of the plane 0 =— 0 . Thus F(R, ^>) = 0, 
whilst/(R, <I>) == K when R<a, and /(R, <1>) = 0 when 
R > a. Hence 


Jo sinh2«c JoJ-^ 

X Jo[«v'{R* + r®-—2Rrcos(<E>—c6)}]RrfRi?‘l> 

= 2,rKf “ I “ JoMJo(«R)R^R 
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on using (2.14) and integrating with respect to But on 
using the Taylor^s series for j 0 (wR) and integrating term by 
term, we get 



SJo(wR)^iR =^Ji(aw). 


The potential function between the two planes z=±c 
then reduces to 


^=“kJ." 


3'2. If we are given that the intensity of charge at the 
point (R, <&) on the side of the plane ^ = — o facing z=^+e 
is /(R, per unit area, and that the intensity of charge at 
the point (R, 4>j on the side of the plane z = c facing —c 
is F (R, <i>) per unit area, then the potential function between 
the two planes z = corresponding to this distribution, is 
given by 


V 


-r 


cosh u(c--z) j 

rinh2«. 


r r 




+ 


X Jo[w -v/{E2 + r^—2Rr cos (<I)~ <^)}] RdRd^P 

2 r" f" C F(R, 4 >) 

Jq sinh2w J-^Jo 

xJo[uV{R^ + r^-2Rrcos («>-<^)}]RdRd^l^. 

.(3.21) 


Formulae of this type can also be used to solve the 
following problem. An infinite conductor is bounded by 
two parallel planes z= and two elliptical electrodes are 
applied to these planes. To simplify the analysis we shall 
assume that the centres of the disks lie on the axis of that 
both the ellipses have semi-axes a and b (a > 6 ), that both the 
major axes are in the plane <I>= 0 , and that the potential of 
the plane ^=0 is zero. The last assumption does not entail 
any loss of generality. 

The disks being at constant potential, the charge at a point 
(R, <P) on one of them at any instant is proportional to 

R^ cos^ <l> R^ sin^ <1> \ 

b^ J ’ 



whilst at other points on the planes z=±c the charge is 
zero. 
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Again, if V is the potential function of the system (V must, 
of course, be a solution of Laplace's equation), the rate*of 

flow from the upper disk, say, to the medium is — 
with os 

We must therefore have 


BV 

~ fo’'' e= +c and (R, 4>) a point outside either 

of the elliptical electrodes, 

M- 

Bs ' 






R® cos® <E> R* sin® ^ 1 


ft® 


j , for s = 


+ c 


and (R, a point inside either of the electrodes, 

where K is a constant. If we assume that the disk in the 
plane z = € is at positive potential whilst that in the plane 
is at a negative potential (i, e. the flow of the elec¬ 
tricity is in the negative direction of the z axis), then the 
total flow S, say, from the upper disk to the medium is 
given by 

S = kJI' j 1 - 9 ^ I Rt^Rd«l>, 

taken over the area of the upper disk. Patting 

R cos <1> = ar cos ^ and R sin 4> = 6r sin 

the integral on the right-hand side is easily evaluated when 
we get 

S = K . 2irab, 

Hence we may write, with the notation of (2.22) : 

S 


’bz 


2iTabh 


• for 


and (R, <l>) a point inside either of the electrodes. 
The potential function is then given by 
S 


27rV = 


+ "5 


_ coslm(c—g) ^ 

2'irahk}Q sinh2MC t '^® i 

X Jo[m v'fR^ + r^—2Rrcos (3> — ^)}]RdRd0 

S r” coshM(c + g) ^ 

2irabkjQ sinh 2mc ^J-irJo t 

xJo[«v'{R® + r®—2Rr cos —^)} ] R(fR(f<l>, 
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which, after simpliiiciition, becomes 


1003 


27rV = 


i; 


sinh 


uz 


27rabk L coshac 


du 






X JoLwv'{R2 + r2~2Rrcos (<E>-<^)}] (3.22) 

When a = 6 this becomes identical with the problem o£ 
Nobili^s rings. In this case and the integrals with 

respect to and R can be evaluated just as for (2.23). The 
result is 


V = 


S 


2Tra^/c 


C sinh uz . T ^ V 

1 —,— smaaJov^^) 

Jq cosh uc 


du 
u ’ 


agreeing with Riernann’s solution 

In (3.22) put when we get 


27rV = 


s 




sinh uz 


2irahk L coshwc 


-du 


J-fl* Jo 


X Jo [ \/ {cos (^—^) } ] dv d^. 

. . • (3.23) 

By making a and b tend to zero, we can find the potential 
field when the electrodes become verj^ small. We have 


'^2 ^ 




cos^ ^ -f 6^ sin*'* 4> 


->0, as Gyb-^O^ 


and it is not difficult to show wffien --c < z < that the limit 
of the right-hand side of (3.23) is the same as 


S P sinh , 

1 —7 1 - 1 - du lini 1 

47rA:jQ cosh wc 


But 


f'- 




ah d^ 




ab 


- cos^ 4> -f sin^ ^ 


J.' 


? cos^ ^ -f 1 )^ sin^ O 


rir/2 


- sec® <1> 
a 


A® 

1 + -»tan® 
a-' 


X Jo(wi") dv. 

-d^ 


4tan-^(^*tan4>)|"^^ = 27r 


* Gray, Mathews & MacRob^rt, loc. cit, pp. 144-146. 
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if bja is neither zero nor infinite. Hence 

ah 


lim 

a-^0 


r- 

a 


^ cos* 0 + 6* sin* O 


= Stt, 


and so (3.23) becomes in the limit: 


V 


=—(* 

""Inrh 


sinh uz 
tirk cosh no 


Jo(wr) du^ 


(3.24) 


provided that a and h tend to zero in such a way that lim 6/a 
is neither zero nor infinite and —c<z<c. 

The case e = + c presents considerable analytical difficulty, 
but if we use the fact that the potential function is con¬ 
tinuous, then the potential on the plane e—c is given by 


lim 

.r->c 



sinh uz 
cosh uc 


Jq(w) du^ 


and, with the help of the asymptotic expansion of the Bessel 
Function, it is not difficult to show that this is equal to 


S 

'2,7rk 



sinh uc 
cosh uc 


Jo{ur) du. 


Similarly for the case ^=—c. Hence (3.24) is the 

potential function for 

It is interesting to note that the result is independent of 
the shape of the electrodes * as they shrink to zero, provided 
lim a/6 is neither zero nor infinite, that is, provided that the 
ellipses do not shrink into straight lines. 


§ 4. The Introduction of a Unit Point Charge. 

4.1. When the planes in the preceding problems are all 
occupied by conducting matter, the potential functions can 
also be found if a point charge is introduced. We shall 
assume that this charge is positive, of strength unity, and 
situated at the point (z\ 

To find the field due to a point charge situated in the 
presence of a plane of conducting material at J3r = 0 charged 
to the potential /(R, <I>) at the point (R, ^>), we add the 
expression 

{( 5 :—+ r*—r'*—2r/ cos (^ — 

— {(^ + 2 :')* + r* + r'*—2w' cos — 

* (3.24) is the same as the solution of the similar problem for circular 
electrodes (see Gray, Mathews, and MacRobert, loc, cit. p. 146). 
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to (2,11), using the upper or lower sign in (2*11) according 
as is positive or negative. I£ is positive, the potential 
throughout the space z<0 is zero, whilst if is negative, 
the potential throughout the space ^>0 is zero. 

To prove this, (4.11) is evidently a potential function 
which vanishes at -s = 0 and which has an infinity at 
r=r\ due to a unit point charge. 

4.2. To find the field due to a unit charge at {z^, r\ in 
the presence of a plane of conducting matter at <e=0 charged 
to intensity per unit area at the point (R, ^>), we 

add the expression 

{z--zy^ + 2rr' cos 

{{z + z^Y^r^-\-r^^-^2rr cos (</> —(4.21) 

to (2.21), using the upper or lower sign in (2.21) according 
as z is positive or negative. If is positive, the potential 
throughout the space ^ < 0 is zero, whilst if z^ is negative 
the potential throughout the space ^ > 0 is zero. 

To prove this, it is easy to see that (4.21) is a potential 
function whose differential coefficient with respect to z 
vanishes when 


4.3. To find the field due to a point charge situated at 
{z\ r\ between two planes ±e, the upper of which is 
charged at the point (R, <t) to potential F(R, ^) and the 
lower to potential F(R, ^>), we add to (3.11) the expression 

^ ^ sinh m(c — s) sinh u{c+z') 


-‘iy- 


sinh 2uc 

X Sq\u»/ {r® + r'® — 2rr' cos —^0}] 

when s' <z^c, 

sinh «(c—g') sinh u(c+z} 
sinh 2uc 

X JoEmV^{ r*+r'*— 2rr' cos du 

when -~o<z<z\ 


\ (4.31) 


/ 


To prove this, we must show that the above expressions 
for V, which are evidently potential functions, vanish 
when ^=±c, which is obvious, are continuous as z passes 
through which is also obvious, since both integrals con¬ 
verge and are equal when z =£and finally we must alsn 
BV . 

show that ^ is continuous as z passes through 
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The formalse of (4.31) are given by G-ray, Mathews, and 
MacRobert * in their treatise, but they omit to prove that 

is continuous. As this is not at all obvious, I take the 

opportunity of proving it here. If we differentiate either 
of the integrals of (4.31) under the integral sign with 
respect to we find that the resultant integrals converge 
uniformly only if and, in fact, when they 

diverge. This shows, I think, that the continuity of 

at cannot be taken for granted. The proof proceeds 

as follows. Using the usual exponential formate for the 
hyperbolic sine and cosine, it is easy to show that 


2 sinh u(c—z') sinh if(c + ^) 
sinh 2uc 

^- 2 uc cosh k(^—c^)-^ cosh ?i(^ + ^^) 
sinh 2uc 


~ ar') ^ 


With the help of (2.16) it then follows that the upper 
formula for V in (4.31) is equivalent to 


V = {( 5 : —+ + 2ri''cos(<;^— 


+ 



p- 2 ue cQsh ll(z — ^^)—cosh u(z--z') 
sinh 2uc 


X Jo[u v' + —2rr' cos {<f> — ^0}] (4.32) 

whilst the lower formula for V in (4.31) is equivalent to 
(4.32) with z z interchanged. On differentiating with 
respect to z under the integral sign in (4.32), we find that 
the resulting integral is uniformly convergent with respect 
to z and z' for all values of 0 and 2 ' lying between +(?, 
including z=^z'> Hence, from the upper formula of (4.31), 
if r r' and then 

^ C^ sinh2uz^ ^ 

\ Se Jo sinh 2uc 


X Jo[wN/{r2 + 
W e find the same value of 
the lower formula of (4.31). 


r'^—2r/cos (<^ — ^0}] 

by this method from 
This shows that is con- 

QZ 



* ^ Bessel Functions/ p. 193 (20). 
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tinuous as z passes through and completes the proof of the 
statement at the beginning of § 4.3. 


4,4. To find the field due to a point charge situated at 
{z\ r\ between two planes z^±c, the upper of which is 
charged at the point (R, 4>) to an intensity F(R, 5>) per unit 
area on its lower surface and the lower of which is charged 
to an intensity /(R, on its upper surface, we add to (3.21) 
the expression 



cosh — cosh ujc-^'z') 
sinh 2wc — 




X Jo[w + 2rr''cos —^0}] du 

when ^z<Cj 

coshw(c— 2 ') cosh u[c + z) 
sinh 2uc 

X {r^ + r^^ — 2rr^ cos —<^^)}] du 

when — o^z^z\ 
To prove this, we write ^ 




(4.41) 


2 cosh u(c — cosh u(c + z) 
sinh 2uc 


= I Goshu{z-z') +cos}iu{z+z') 

sinh 2uc 


in the upper formula of (4.41), and, proceeding as in §4.3, 
we can show that this formula is equivalent to 

V = {(s—s')* + ^*+^^*~2rr'cos (<^—(^')}]-i 


+ 



e ^“cosh f<(^ + s') + COshM (2 + 2 :') 
sinh 2uc 


X Jo[w-i/{r* + r'*—2rr' cos (<f> —^')}] du, (4.42) 

whilst the lower formula of (4.41) is equivalent to (4*42) 
with z and z' interchanged. We may differentiate the 
integral of (4.42) with respect to z underneath the integral 
sign, and we obtain 


_ r" sinh2us^ ^ 

\ A=z' ~ Ju sinh 2uc ^ 

X Jo[m v'{r®+r'*—•2rr'cos (^—^0}] 


whilst the same value for 


dV 




X=*' 


is obtained if we start 
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with the lower formula for V in (4.41). Hence we see that 
V is a potential function having an infinity at z^z\ 

due to a unit point charge, is continuous at all other 


9V 

points of the plane zszz\ and that is also continuous as 


z passes through z\ 

Again, we may differentiate the integrals of 

(4.41) with respect to z underneath the integral sign, from 
which it easily follows that 



= 0 . 


Hence this system gives rise to no charge on either of the 
planes 2 r=i +c. 

This completes the proof of the statement at the beginning 
of § 4.4. 


Co The Intensity Distribution of the General and Charac^ 
teristic X^-Radiation from Molybdenum. By L. R. G. 
Trbloab, B.Sg.^ Wantage Scholar^ University of Reading *. 

Introduction. 

1 "1HE experiments described in this paper were made with 
the object of determining more precisely the nature 
of the complete radiation emitted under working conditions 
from a Shearer tube fitted with a molybdenum target. The 
experiments were intended primarily to be of practical 
rather than of theoretical interest. 

The chief measurements were as follows :— 

1. The intensity distribution of the general radiation at 
various voltages. 

2. The corresponding intensities of the K«- and K^-line 
radiation. 

3. The ratio of the homogeneous to the general radiation. 

Apparatus^ 

Two methods of excitation of the tube were employed. 
Most of the experiments were carried out with an induction 
coil and mercury interrupter, but for purposes of comparison 


♦ Communicated by Prof. J. A. Orowtber, Sc.B. 
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some later experiments were made witli a 2-kilowatt oil- 
immersed transformer. During operations the tube was 
continuously exhausted by a two-stage diffusion pump^ 
backed by a rotary oil-pump, and was controlled by means of 
an air-leak. It was run at voltages ranging from 19*75 kv. 
to 48*4 kv., the current being maintained constant at 
3 milliainps. in all readings. The molybdenum target was 
about 1 mm. thick, and was brazed on to the water-cooled 
end of the tube at an inclination of 45^ to the axis of the 
tube, and the beam emerged from the tube through an 
aluminium window *056 mm. thick. 

The spectrometer was of the standard Bragg pattern, 
employing a calcite crystal wliose surface was ground. Tho 
ionization chamber, which had a length of 15*8 cm. and was 
closed by an aluminium window •056 mm. thick, was filled 
with methyl iodide. It was saturated by a potential of 
300 volts, supplied by a storage battery, and the ionization 
was measured by means of a Wilson tilted electroscope. 
The incident beam of .X-rays was limited by two slits, and 
the reflected beam by a third slit, placed immediately in 
front of the chamber window. 

Method of talcing Readings. 

Preliminary tests were carried out, sometimes with the 
help of the photographic method, to see that the crystal 
was accurately centred, and that it focussed the radiation 
sharply and accurately into the ionization chamber. 

Owing to a slow change in the intensity of the radiation 
emitted from the tube, due, presumably, to spreading of the 
cathode stream etc., all the readings for a particular voltago 
were taken on the same day, with a continuous running of 
the tube. The voltage was found afterwards from the high- 
frequency limit of the spectrum. It would have been 
desirable to have had a more accurate control of the voltage 
during the course of readings, but this was not found 
possible. A spark gap between spheres of 5 cm. diameter^ 
for example, was found not to increase the accuracy of the 
experiments. By the method employed, readings taken 
during a day^s running were consistent to 3 per cent. 

In taking readings the integrated reflexion method, which 
has been fully discussed by Bragg, James, and Bosanquet 
was used throughout. The crystal table was rotated by hand 
by means of a tangent screw fitted with radial spokes. To 
take a reading the chamber was set at the desired angle, and 

* Bragg, James, and Bosanquet, Phil. Mag. xli. p, 309 (1921). 
Phil. Mag. S. 7. VoL 6. No. 39. Nov. 1928. 3 U 
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the crystal table was turned through an angle of 3f minutes 
at intervals of 2^ seconds. The total angle swept through by 
the crystal in each reading was 2^*^, the corresponding time 
taken being 90 seconds. 

The electroscope was operated at a comparatively low 
sensitivity of about 75 scale divisions pe# volt, and it was 
adjusted so that its sensitivity was at a maximum (L e., the 
sensitivity was reduced either by increasing or diminishing 
the tilt). In this position the leaf was found to be parti¬ 
cularly stable, and, in addition,the deflexion was proportional 
to its potential. The leaf was connected to a potentiometer 
for calibration purposes, and its sensitivity was checked at 
frequent intervals between readings. The charge collected 
on the leaf could thus be converted directly into volts, after 
allowance had been made for any leakage of charge or drift 
of the leaf due to other causes. 

Deflexions were made of convenient magnitude by adjust¬ 
ing the widths of the slits limiting the beam, and also, in the 
case of the lines, by the addition of a small condenser to the 
electroscope system. A knowledge of the slit-widths and of 
the condenser factor enabled these various readings to be 
compared. 

In the measurement of the intensity of the general radia¬ 
tion, readings were taken at successive -I®, or (where this 
was sufficient) 1° intervals of the ionization chamber, except 
in the neighbourhood of the lines. It was possible, however, 
to obtain a point on the curve lying between the «- and 
)8-lines. In the measurement of the line intensities the 
chamber slit was opened sufficiently wide to include all the 
components of the line, and readings were taken as 
the chamber was moved through the line by successive 
7i-minute steps. In this way the line was shown as a flat- 
topped curve on a flat background of general radiation, and 
the line intensity was obtained by subtracting this back¬ 
ground intensity from the maximum intensity., In all 
measurements, both of the general and of the homogeneous 
radiation, the mean of the intensities on the left- and right- 
hand sides of the spectrometer was taken as the true intensity. 

At the higher voltages a discontinuity occurred in the 
general radiation curves at the frequency of the K-absorption 
limit of iodine. This discontinuity was always near the 
short wave-length end of the spectrum, and for wave-lengths 
shorter than this critical wave-length no quantitative 
significance was attached to the readings obtained, but they 
were nevertheless necessary for the determination of the 
limit of the spectrum. 
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The following data were obtained :— 

(a) With coil and interrupter. 

1. Carves at voltages of 48*4 kv., 38‘9kv., and 26*0 kvo 
giving the intensity distribution of the general radiation for 
wave-lengths as far as l'34A.tJ. 

2. The intensities of the ^-line at these voltages. 

3. The ratio of the a- and y8-lines. 

4. The relative intensities of the a-line in the Ist, 2nd, 
and 3rd orders respectively. 

(b) With transformer. 

1. Curves of general radiation at voltages of 34*9 kv. and 
19*75 kv. 

2. The intensity of the a-line at 34*9 kv. (In the other 
case no K-lines were present.) 

In the comparison of the a- and /3-lines, the tube was run 
at about 38 kv., and by the insertion of the condenser (which 
reduced the sensitivity of the apparatus to about one-fifth), 
when measuring the uAine^ the deflexions were made of the 
same order of magnitude, with a consequent gain inaccuracy. 
From a large number of readings taken without this 
improvement, however, the ratio of the lines was found to be 
independent of the excitation voltage, and of the method of 
excitation. Consequently, onh^ the a-line was measured in 
the final experiments, the /3-line intensity being found from 
the known ratio. 

Calculations and Corrections. 

(1) Correction for presence of 2nd- and 3rd-order 
reflexion in the general radiation. 

The relative intensities of the a-line in the first three orders 
respectively were as follows :— 


1 st order . 100 

2nd order. 7*6 

3rd order. 4*05 


The percentages of the Ist-order intensity which appear in 
the 2n(i and 3rd orders respectively are therefore 7*6/2 and 
4*05/3, since the dispersion of the general radiation is 
proportional to the order in which it appears. To apply the 
order correction, these fractions of the Ist-order intensity, 
as obtained from the curve, were subtracted from the 

3U2 
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intensities at wave-lengths corresponding to the 1st- and 2nd- 
order reflexions respectively. 

(2) Correction for partial absorption in the methyl iodide 
in the ionization chamber. 

The fraction of the shorter wave-lengths absorbed by the 
vapour was only about one-tenth, whereas the longer ^ave-- 
lengths were completely absorbed ; hence it was necessary to 
determine with considerable accuracy the quantity of gas 
actually present in the chamber at any time. The chamber 
was filled by evaporation of the liquid methyl iodide into a 
vacuum, to a pressure of about 240 mm. of mercury ; but a 
measurement of the absorption of the a-line in passing through 
the chamber showed that the vapour-pressure was not a true 
indication of the quantity of methyl iodide present. This 
was due, no doubt, to the presence of volatile impurities in 
the liquid employed, and to the absorption of the gas by the 
walls of the chamber subsequent to measuring its pressure. 
It was not found possible, how^ever, to carry out this absorption 
measurement with the accuracy required by the experiment^ 
so the following method of determining the iodine content 
of the chamber was devised. 

The chamber, connected to a manometer, was filled to a 
convenient pressure with the vapour, and set to receive 
a narrow beam of the general radiation of mean wave-length 
•894 A.U. The integrated reflexion was found. The 
pressure was then successively reduced, and the operation 
repeated at each pressure, so that a curve could be plotted 
to show the relation between pressure and ionization. The 
chamber was then refilled and sealed, and the ionization 
again measured. It was then ready for use. 

Let Iq, I be the intensities of the beam of radiation at the 
beginning and end of its path through the vapour respec¬ 
tively, and let f be the corresponding pressure of vapour. 
Then I = IQ^^''^^', where is a constant. Assuming that the 
ionization is proportional to the energy absorbed, and 
denoting by q the ionization produced in the vapour at 
pressure p, and by go ionization which would be produced 
by complete absorption, we have g'=i(lQ—I)^ hence 
combining these two equations, 

log (9o—$) == —/xp +const. 

The curve obtained experimentally, relatingjg^ and was of 
logarithmic form, and it was always found possible to assign 
a value to q^ such that the curve relating log ( 5 ^ 0 —?) and p 
was a straight line. This value was therefore the ionization 
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which would have been produced i£ the ra 3 ^s had been com¬ 
pletely absorbed, and the fractional absorption of the selected 
wave-length after refilling of the chamber was qijqo^ w^here 

was the corresponding ionization. Knowing the absorp¬ 
tion for that particular wave-length, the absorption of the 
other wave-lengths was calculated from values of the 
absorption coefficients for iodine obtained from tables given 
by Compton *. 

The measurements described above were made before and 
after sets of readings covering a period of four or five days, 
with the result that the absorption on any day was accurately 
known. It is estimated that the errors arising from the 
application of this large and rather difficult correction are 
certainly within 3 per cent. 

(3) Correction for absorption by the aluminium windows 
of the tube and ionization chamber. 

The thickness of aluminium in each of these windows was 
•056 mm., and the requisite corrections for absorption of the 
various wave-lengths were calculated from tables of absorp¬ 
tion coefficients f* This correction amounted to over 
100 per cent, for the longer wave-lengths. 

(4) Correction for absorption in air. 

The total length of air-path traversed by the rays from the 
window of the tube to the window of the chamber was 
28*5 cm. The amounts of absorption were again found 
from tables of absorption coefficients of the constituent 
elements 

(5) Effects of slit-widths and dispersion. 

The quantity measured in the experiments on the general 
radiation is IxAX, where is the intensity at the wave¬ 
length \ and hx is the range of wave-lengths entering the 
ionization chamber. The beam, on emerging from the tube, 
passed through slits distant 12 cm. and 3 cm. respectively 
from the centre of the crystal, and, after reflexion, through 
a third slit also at a distance of 12 cm. from the centre of 
the crystal. In the following discussion these three slits will 
be denoted by A, B, and C respectively, and the corre¬ 
sponding slit-widths by a, 6, and c. Since A and C are 

^ A. H. Compton, ‘ X-rays and Electrons.’ 
t A. H. Compton, loc, ciU 
J A. H. Compton, loc, cit. 
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equidistant from the centre of the crystal, then, by a well- 
known geometrical property of this arrangement*, all the 
rays of a given wave-length emerging from a single point of 
the slit A will be focussed to a point in the plane of C. 
Let D be the distance of either A or 0 from the centre of 
the crystal, then the rays from a point in A which, after 
reflexion, enter C are all included within an angle equal to 
c/D. Similarly, the angular range of rays of a given wave¬ 
length emerging from the slit A, which, after reflexion, pass 
through a single point of the slit C, is a/D. Adding these 
two effects, it follows that all rays of wave-length \ emerging 
from A, and reflected through C, are deflected through 
angles lying between 2^ and 2 where 6^ is the angle 

of reflexion for that wave-length, and 2A^= (« + c)/D. If d 
is the grating space of calcite, and AX the wave-length 
range included by the slits, then X = 2^?. sin and 

Clr 'f* C 

AA, = 2d,cos6 . Ad — 2d . cos^ .-jrrr' 


The quantity required for plotting is the intensity at wave¬ 
length Xf i.e. 1^, and maybe found by dividing the observed 
quantity IxA\ by the wave-length range AX. Thus 


I = IxAX 


D.sec 0 
(a + c)d 


The total energy emitted is then represented by the area of 
the curve, Le. Jl\<?X. The effect of dispersion is thus 

completely accounted for. There is, however, another quite 
distinct question which has to be considered in connexion 
with the widths of the slits, namely the relative amounts of 
energy incident upon the crystal for slits of different widths. 
For this purpose it was assumed that the energy of the 
beam was proportional to the product ab. 


(6) It was assumed that the crystal reflected all wave¬ 
lengths equally. The available data do not fully justify this 
assumption, but the results of Davis and Terrill f, and 
Wagner and Kulenkampff $, show that it is, at any rate, 
approximately true. 


• Bragg, ‘X-Rays and Crystal Structure,’ p. 31. 
t Davis & Terrill, Phil. Mag. xlv. p. 463 (1923). 
t Wagner & Kulenkampff, Ann. der Phys. Ixviii. p. 369 (1922). 
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Results. 

(a) With coil ar^d interrupter. 

1 . Curves I., II., and III. (fig. 1 ) show the relative 
proportions of general radiation at voltages of 48*4 kv*, 
38*9 kv., and 26*0 kv. respectively The areas of these curves, 
i. e. the total energies in the spectrum, as far as a wave- 


Fig. 1. 



length of 1*34 A.TJ., together with the measured ff-line 
intensities, are shown in the following table :— 


Kv. Area (volts). a-liiie (volts). 

1. 48-4 82*88 38*0 

II. 38-9 47*44 16*5 

III. 260 20*76 3*24 


2 . The value obtained for the ratio of the intensity of the 
«-line to that of the ^-line (including the 7 -line) was 
a//3=4*0. 

3. The ratios, obtained from these figures, of the energies 
of the a- and ^-lines to the energy in the general radiation, 
and the fractions of the total emitted radiation which appear 
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as homogeneous K-radiation, are given below as percent¬ 


ages :— 

Kv. rt/General. /3/Goneral. (a-hj3)/TotaL 

o/ t o/ O / 

/o • ■ /o • /o • 

1. 48*4 45-8 11*5 36*4 

II. 38-9 34-8 8*7 30*3 

III. 26-0 15*6 3-9 16*3 


Discussion of Accuracy and Sources of Error» 

(1) Errors due to gradual changes in the running of the 
tube. 

There was a noticeable falling-oflf in intensity after several 
days^ running of the tube, presumably due to changes in the 
cathode beam and in the position and size of the focal spot. 
In order to avoid, as far as possible, errors arising from these 
causes, the above readings were all taken within a period of 
three days, and all readings for a particular voltage were 
taken at a single running of the tube. Readings taken 
during the course of a day were consistent to 3 per cent. 
The effects become more important in connexion with the 
relative intensities at different voltages, and it is thought 
that these relative intensities can only be considered signifi¬ 
cant to an accuracy of about 10 per cent. These difficulties 
are inherent in the gas-tube. 

(2) Errors due to inaccuracy in the estimation of the 
iodine content of the chamber. 

The correction for partial absorption in the chamber was 
very carefully investigated, and has already been fully 
discussed. Errors arising from the application of this 
correction are probably nowhere greater than 2 per cent. 

f3) Errors in the correction for absorption in the 
alumininium windows and air-path. 

There is an element of doubt in the values of the absorp- 
sorption coefficients for aluminium, and the inaccuracy 
introduced on this account may be as great as 5 per cent, in 
the case of the longest wave-lengths employed (1*34 A.U.). 
For this reason the curves are not considered reliable beyond 
about 1*0 A.U., but below this wave-length the error due to 
the above corrections is estimated at less than 2 per cent., 
and for the shorter wave-lengths (i. e. below *5 A.U.) it is 
<}uite negligible. 
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(4) Error in the measurement of voltage- 

The difficulty of this measurement is increased by the 
proximity of the K-absorption limit of iodine to the limit of 
the spectrum in many cases. There is also the possibility 
of a slight variation of voltage during the course of readings, 
but the latter is included under heading (1). The voltage 
could be measured to an accuracy of 2 per cent. 

(5) In general, taking account of the above considerations, 
the maximum error in the determination of the ratios of the 
characteristic radiations to the general radiation, and in the 
curves for a particular voltage, is estimated at 6 per cent. 
The ratio of the lines was more accurately determinable, the 
probable error here being 3 per cent. It was not the object 
of the work to determine the variation of absolute intensity 
with voltage, and the relative intensities of curves and lines 
of different voltages can only be considered as approximate, 
the error being of the order of 10 per cent. 

The intensity of the general radiation is seen to vary 
approximately as the square of the excitation voltage, 
according to the following table :— 


V. A. A/V^ 

1. 48*4 kv. 82-88 351 

II. 38-9 „ 47-44 312 

III. 26-0 „ 20-76 306 


The value of A/V^ would be expected to diminish with 
decrease in voltage, since at the higher voltages a greater 
fraction of the total energy emitted occurs at wave-lengths 
below 1*34 A.U. 

Manj^ observers have shown that tlie intensity of the 
lines is, in general, proportional to (V — Vo)”, where V is the 
excitation voltage and Vo is the critical excitation potential. 
The value of n is usually between 1*5 and 2*0. The results 
obtained for the «-line at these three voltages agree, to the 
accuracy obtainable, with this law if a value of about 
1*6 is assigned to n. 

The variation of the ratio of the energy in the a-line to 
that in the general radiation, with applied voltage, is shown 
graphically in fig. 2. 

(b) With transformer. 

(1) Curves IV. and V. give the intensity distribution of 
-the general radiation at 34*9 and 19*75 kv. respectively 
(fig. 1). The absolute intensities are not significant, the 
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curves merely being drawn of convenient magnitude for 
illustration and comparison. Curve V. is interesting, since 
at this voltage there are no K-lines present. The follow¬ 
ing are the figures obtained for the energy in the 
general radiation and in the a-line, respectively, for 


curve IV^. 


Area 

a-line 


Kv. 

(volts). 

(volts). 

IV. 

34*9 

360 

12-55 


(2) The «-line and yS-line were approximately in the same 
ratio as before. 


Fig. 2. 



The corresponding figures for the relative proportions of 
characteristic and general radiation are as follows :— 

Kv. o/General. /3/General. (a-{-/3)/Total. 

%. %, %. 

IV. 34-9 34-8 8-7 30*4 

Comparison of Results for both Methods of Excitation. 

The corresponding value obtained for the ratio (a + /3)/Total 
in the case of the coil and interrupter is (by interpolation) 
27*0 per cent., and differs from the above figure for the trans¬ 
former by about 12 per cent. In view of the experimental 
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error o£ 6 per cent., it can only be said that these ratios 
are only slightly different, i£ at all. 

The curves are all of the same £orra, and the method of 
excitation appears to have no marked effect on the intensity 
distribution. In particular, the wave-length of maximum 
energy is found to bear a constant ratio to the minimum 
wave-length, as shown below :— 


Kv. Xmax. ^xnax.Ao* 

1. 48-4 *385 -255 1*51 

II . 38*9 -505 *317 1-59 

III . 26*0 *73 *474 1*59 

IV . 34-9 -56 *354 1*58 

V . 19*75 *955 *626 1*53 


The mean value of the ratio is 1*55. 

In conclusion, I should like to express my great in¬ 
debtedness to Professor J. A. (Jrowther for his valuable 
advice and for the energetic interest he has shown in the 
progress of this work. 

Department of Physics, 

The UDiversity, 

Heading. 


Cl. The Amount of U^iiformly-diffased Light that will go 
in Series through Tioo Apertures Forming Opposite Faces 
of a Cube. By Lewis P. Richardson, D.Sc.^ F.R.S. ^ 


F or example, the radiation might come out of a blackened 
enclosure at a uniform temperature through one 
aperture and thence across the cube and through the other 
aperture into a calorimeter ; the problem being to find 
Stefan^s constant. 

We have to evaluate the integral f 


jTiT 


cos . dAi . cos ^2 • dA^ 


in which tZAi, dA 2 are elements of area of the apertures, 
r is the distance between the centres of dAi^ dA^, and ^i, ^2 


* Communicated by the Author. 

t Planck ‘ Vorlesungen ueber dieTheorie der Warmestralung' (Barth, 
1913), p. 19. 
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are the angles which the normals to dAj, make with 
the line joining the centre of dA.\ to that o£ dK^. 

Let the edge of the cube be of length Take two 

systems of rectangular coordinates ,Vi, yi and yt, one in 

the plane of each aperture, the origins being at the centres of 
the apertures and the two a!-axes parallel to one another and 
to edges of the cube. 

Then 

dAj dx-^jj\ f dj^2 “ dx^dy^^ 1 
r^= P + {Xi—x^y + (yi —y^y, i . . . (2) 

cos = cos J 

so that (1) becomes 

ay, ... (8) 

each integratioD ranging from — Z/2 to +1/2. 

In order to make the calculation, consider instead of (3) 
a problem in finite differences. Regard each aperture as a 
window cut into panes, each pane being square. Take 
each pane in the first window in turn with each pane in the 
second, forming pairs of panes. Then d:vi dyi dos^ dy^ is 
analogous to (area of first pane) (area of second pane), and 
is the same for all pairs being So instead of (3) we 

calculate 


n4 pairs 


(separation of mid-points of panes)^ ’ 


( 4 ) 


QP varies as P because the distance of mid-points is 
proportional to 1. Let us therefore make the calculation 
for ^ = 1. 


First approximation. One pane in each window : 


Qi = 1. 


Second approximation, n = 2. Four panes in each window : 


= 1 4 . 

16 \ i ^ (1+ly (1+i +iy / 
= 0-681, 111, 1. 
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Third approximation^ n = 3. Nine panes in each windowr 

^ _ 1 f9 12x2 6x2 8x2 

81 tl'*' (1-1-1/9)*+ (1-1-4/9)*'^ (1+1/9+ 1/9)* 

4 16 ) 

■^(1 + 4/9+ 4/9)*'*' (1 + 4/9+ 1/9)* j 

= 0-649, 821, 9. 

Fourth approximation, n = 4. Sixteen panes to each 
window. To keep account of 256 pairs would be perplexing 
were it not that we can arrange them in a simple pattern. 


Fig. 1. 
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Tlie blank squares can be filled in because the distribution of numbers 
is symmetrical both about the diagonals of the large square and also 
about the lines joining the mid-points of its sides. 

In fig. 1 let the central square represent any pane in one 
window. All possible relative positions of the panes in the 
other window are represented by the squares in fig. 1 . In 
each square the upper number is the number of pairs of 
panes so situated, the lower number is the square of their 
distance apart multiplied by To form Q 4 we have to 
divide each upper number by the square of the lower 
number, and to sum the quotients. Presumably there is a 
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corresponding transfornoation from a fourfold to a doable 
integral. However that may be, the result is 

Q 4 = 0*639, 910, 5. 

To continue in this way until the accuracy of experiment 
were surpassed would be insufferably tedious. Instead, to 
make the “ deferred approach to the limit * ”, it is assumed 
that, as there are neither discontinuities nor frills t? in (3) 

Q„ = 5 + Bn-2 + Cn-*+Dn- 8 , . ... (5) 

(n = 1, 2, 3, 4). 

Fig. 2. 


TWO APERTURES FORfllNG OPPOSITE FACES OF A CUBE 



On eliminating B, C, D, from this set of four equations it is 
found that 

2520? = 8192Q4-6561Q3 + 896Q2-7Qi, . (6) 

the coefficients in which are useful in other problems. 
Whence q =0*627, 75. 

This may be called an /i®-extrapolation. As a rough check 
Qgj Q 4 plotted against n~^ in fig. 2J, and a circle 
firawn through the points is found to cut the axis, n~^ = 0, at 

* Phil. Trans. Roy. Soc, A. vol. ccxxvi. pp. 300, 311. 
t Loe. dt. p. 316. 

j Fig. 2 was shown at the British Association, Glasgow, 1928. 
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Q=:0'628. To judge how many digits are reliable, we can. 
neglect various parts of the four equations (5), retaining just 
enough of C, D to give a unique solution, B being 
retained first, then C, then D. Thus we form two sequences 
of extrapolations both leading to that already obtained :— 


Q 4 .0-639, 91 

from Q 4 , Qs . 0*627, 17 

from Q 4 , Qs, Q 2 ... 0*627, 95 


Qi . 1*000, 00 

from Qj, Q 2 ...... 0,574, 81 

from Qj, Q 2 , Q 3 ... 0*631, 04' 


from Qi, Q 2 , Qa, Q 4 0*627, 75. 


From these numbers it seems safe to conclude that 0*6278 
is right to within ±0 001 . That accuracy is, however, 
barely enough. An estimate of the error could be obtained 
by the use of general formulae expressing the difference 
between the integral and the sum as a series involving 
derivatives of the integrand. But it seems more profitable 
to compute Qg by the aid of a diagram like fig, 1 . The law 
of these diagrams is found to be expressed by 

I g|)(»—jf[) 

t=tn ' 

It is thus found that Qg = 0*633, 086, 28. 

Extrapolating, as above, from Q 4 and Qg gives 0*627, 63. 

Extrapolating from Qg, Q 4 , gives 0*627, 81. 


Conclusion .—The amount of light, uniformly diffused with 
brightness I, that will go in series through two apertures 
forming opposite faces of a cube of edge I is 

(0*6278±0*0001)Z2L 

The physical meaning of the above result may be under¬ 
stood by comparison with the statement of Stefan’s constant. 
Instead of two squares we have one square of side Z, drawn 
on a flat radiating solid of uniform brightness I. The 
second square is replaced by a hemisphere-at-infinity, drawn 
with its centre in the first square and its basal plane 
containing the radiating surface. The amount of light that 
will go through the square and hemisphere is known to 
be a result deducible from ( 1 ). 

The method will obviously extend to parallel rectangular 
apertures. 

The calculations were performed on a machine lent by the 
Government Grant Committee of the Royal Society. 
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Oil. Luminous Carborundum Detector and Detection Effect 
and Oscillations with Crystals, By 0. V. Lossev 

[Plates XVII.-XX.] 

Abstkact. 

In this paper are described further observations on the 
phenomenon of the luminescence produced at the con¬ 
tact of a carborundum detector in connexion with a view on 
luminescence as a consequence of the process in the contact 
which is very similar to cold electronic discharge. 

Early observations were given by the author in the Russian 
language in ‘Wireless Telegraphy and Telephony^ {Teleyrajia 
i Telefonia hez 'provodoo^ “ T. % T, h. p.” no. 18, p. 61, 1923, 
and no. 26, p. 403, 1924 1). 

Two types of luminescence are suggested—and “II.’’ 

The luminescence II. depends upon the fluorescence of the 
crystal under the effect of electronic process at the contact. 

The luminescence II. is more comparable than I. with 
cathodo-luminescence of carborundum in a discharge tube. 
The colour of luminescence II. changes considerably on 
altering the potential difference between the detector 
terminals, as may likewise be changed the colour of cathodo- 
luminescence. The spectrum of detector luminescence 
appears to be nearly identical with the spectrum of cathodo- 
luminescence. 

The luminescence of a carborundum detector is closely 
connected with its rectifying action, which cannot be 
explained by a thermoelectric effect. 

Increased conductivity of the contact at luminescence II., 
and the possibility of obtaining on the same carborundum 
crystal points with different direction of unilateral con¬ 
ductivity, are explained by the imposition of increased 
conductivity effect of the fliuorescent layer upon the effect 
of electronic discharge properties at the contact, 

A luminous detector may be used as a light relay, owing to 
the very small inertia of both the commencement and cessation 
of luminescence. 

# Communicated by the Author. 

t Also Lossev, ‘ Wireless W^orld and Radio Review,’ no. 271, p. 93 
(1924); and Zeit.f, Fernmeldetechniky no. 7, p. 97 (1926). 



On the Carborundum Detector. 1025 

There are also several observations on the behaviour of 
oscillating crystals (zincite). 

E xcept for some cases, at the contact of carborundum 
(SiC) * and metallic wire detector, more intense lumin¬ 
escence takes place when the metallic wire has a negative 
potential. In the case of current in the opposite direction 
(at the given luminous point), sometimes the luminescence 
is not observed at all (see figs. 2 and 3). 

Fig. 2. 



By the dotted line (in the first quadrant) is shown the branch 
of third quadrant. Luminescence I. 

§1. Two Types of Carborundum^ Contact Luminescence. 

The Change of Luminescence II. Colour* 

From many observations it was found that two types of 
luminescence at carborundum contact may be distinguished.. 

* Silicon carbide. 

Phil. Mag. S. 7. Vol. 6. No. 39. 1928. 


3X 
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bluish colour, it is a orig ^ luminescence 

“n!f Th 7 d£eY„—“i, doe to 

with smiill brightness. nf the crystal 

„a.*d light fro. fto ,li— I. 

00. cLgo «itb chango of tbo potentul 

difference between detector . ™v,ic^ produces 

Oo pasaiog a oarront m the “■ ™ "“““wra lo»er 

the more inteose lammesconoo I., the dotecto 

Fig. 3. 










r/iBCOieoi 

|pt+)SiK? wue 

ooodoctivUyCee, the 

The dUpkoiog of 

In early observations^(2. t i. o. P-) ouij 
escence 1. was describe^^^^^ ^ current is passing in a 

direction such that the luminescence II. is less intense, 

* Also ‘ Wireless World and Eadio I*' 

And Ze*./«r Fernmeldetechmk, no. 7, p. 97 (1 )• 
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contact shows less conductivifc}^ (fig. 3) ; i. unilateral 
conductivity is in the opposite direction to that of lumin¬ 
escence I. {cf, figs. 2 and 3). 

With luminescence II. strong fluorescence takes place upon 
a large surface of the crystal. Sometimes that fluorescent 
surface spreads beyond the limit of touch of the point of 
the contact wire (see PI. XVII. fig. 4). 

The colour of luminescence II. changes with change of 
the potential difference between detector terminals from 
orange to violet, as, for example, is shown in the following 
table;— 


Orange . 

Yellow . 

Light yellow 
Greenish ... 

Violet . 

The change of the colour is somewhat different for different 
points, even on the same crystal. These results were obtained 
with a current in the direction which gives the more intense 
luminescence, i.e. ( + ) carborundum and (—) contact wire. 

It must be mentioned that a direct cause for the change 
of colour is probably to be found in the temperature of the 
fluorescent surface of the crystal* depending upon the Joule 
effect at the contact. This suggestion is strengthened by 
the fact that external heating produced by a special heater 
changed considerably the colour of luminescence II. at the 
luminous detector. 

All carborundum crystals used for observations were of 
four kinds. With the first and second kinds can be obtained 
only luminescence I. With the third and fourth kinds can 
be obtained (on the same crystal) both luminescences I. and 
II. The crystals were mounted by stannous in metallic 
cups. As a contact wire, a steel wire, tantalum, nickelin, 
and silver were used. The properties of these metals as a 
contact wire were nearly identical. 

Under the microscope it may be seen that both lumin¬ 
escences I. and II. appeared if the contact wire was touched 
to the sharp edge of the crystal, or when a sharp point of 
contact wire was touched to the crystal surface. 

Sometimes might be observed the cases of imposition of 
both luminescences I, and II. one upon the other. 

* Cf. the cases of change of luminescence colour depending on the 
temperature which are known in photo-luminescence (H. Becquerel, 
a H. cxlvi. p. 440,1908; cli. p. 981, 1910). 

3X2 


6 volts (between detector terminals). 
10 „ 

20 j, ,, ,, 

26 5 , ,, 

28 „ „ „ 
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Some typical features of both luminescences will be de¬ 
scribed later on, 

§ 2 . Supposed Cold Electronic Discharge at the 
Contact of Carborundum Detector* * * § 

(1) The character and intensity of tlie luminescence de¬ 
pends to a great degree on the direction of the current (even 
if the same current (abs. value) is taken in both directions 
with characteristic of type fig. 3, or same tension with 
characteristic of type fig. 2 ; see § 1 ). 

(2) Unilateral conductivity of carborundum contact is 
closely connected with its luminescence (see § 1 & § 3 and 
cf* also § 4). 

(3) As may be clearly seen under the microscope^ the 
luminous surface is not incandescent. For example, a drop 
of benzene put on the luminous surface is not vaporized for 
a long time. Of course, when a strong current (of order 
more than 20 milliamps) is flowing through the detector, the 
part of the crystal near to the contact, in addition to showing 
the cold luminescence, will be slowly brought to a red heat 
(see § 5 ; cf also item 2, § 4), 

(4) The substance of carborundum does not produce 
thermo-luminescence. Hence the cause of luminescence 
is not due to a Joule effect at the contact (see § 1 and § 5— 
only the colour of fluorescence at luminescence II. depends 
on the temperature at the contact). 

(5) The inertia o£ both the commencement and cessation 
of luminescence, even with possible strong currents through 
the contact (till the destruction oE the contact), is very small 
(see § 5 and cf* also item 1, § 4), 

It may be supposed, therefore, that the luminescence at a 
carborundum contact is a consequence of the process which 
is very similar to cold electronic discharge {cf. § 4). 

The suggestion that unilateral conductivity of the contact 
with crystals can be explained by electronic process 
(electronic emission at the contact) has already been pro¬ 
posed by F. Braun *, Gt. HoflFmann f, and Pierce 

Fig. 5 (PI, XVII.) shows luminescence I., where the 
stratification of light is near the contact electrodes §. At 

* F. Braun, Pog^. Ann. cliii. p. 556 (1874) ; Wied. An7i* i. p. 95 (1877), 
iv. p. 476 (1878), xix. p. 340 (1883). See also H. Liike, P/ij/s. Zeit, xxviii. 
p. 213 (1927). 

t G. Hoffmann, Phys. Zeit. xxii. p. 422 (1921). 

% at. A. 0. James, Phil. Mag. xlix. p. 681 (1925). 

§ See T. i T. h. p. no. 26; ‘Wireless World and Badio Review,' 
no, 271. 
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the top is the point of contact wire (—) and at the bottom 
the crystal surface ( + ). Magnified 505 times; current 
through the contact = 18 milliamps. If the value of cross- 
section of the luminescence is counted as a diameter, from 
fig. 5 it is a simple matter to calculate ‘Hhe area of lumin¬ 
escence,^^ which is 700 sq. microns. The size of that order 
in comparison with the size of the fluorescent surface at 
luminescence II. is very small, and it is typical for lumin¬ 
escence I. 

The question of whether the electronic process occurs in 
the layer of adsorbing gas or in the crystal lattice of ihe 
surface-layer of the crystal requires further investigation 
At any rate, the presence of apparent fluorescence of the 
crystal at luminescence II. (see § 1) shows that some process 
takes place also in the surface-layer of the crystal t* 

Comparison of Detector Luminescence with Cathodo-Lumin-^ 
escence. 

Luminescence II. is more comparable than I. with fluor¬ 
escence of carborundum in a discharge-tube (see PL XVIII. 
fiu. 6 ) under the cathode rays effect. It was found that 
the colour of carborundum cathodo-luminescence in an 
evacuated tube may be changed in a similar manner to the 
luminescence II. at the detector. With softening of the tube 
(i. e. with increase of pressure in it) the colour of cathodo- 
luminescence changes slowly from orange to violet. 

First and third kinds of carborundum (SiC), two kinds of 
zincil^e (ZnO), and two kinds of iron glance (F 2 O 3 ) were 
mounted in the tube as shown in fig. 6 (PI. XVIII.). Strong 
cathodo-luminescence takes place only with carborundum 
{both kinds). With both the zincite and iron glance the 
cathodo-luminescence is very feeble. 

The Spectrum of Detector Luminescence and Cathodo-- 
Luminescence. 

The spectrum obtained from carborundum contact lumin¬ 
escence (I. and II.) is continuous with a feebly-marked red 
portion. With increase of the potential difference between 
detector terminals, with luminescence II., the relative 

* Cf. A. F. Joffe, Reports of V. Congress Russ. Phys. p. 11, 1926. 
It has been stated by A. F. Joffe that in the substance of dielectric 
crystals a process may occur similar to the production of ions at 
discharge in the gas. Cf. also A. C, James, Phil. Mag. xlix. p. 681 
(1925). 

t For the present consideration, it is of no importance whether the 
substance SiC fluoresce or some other admixture in the crystal. 
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brightness o£ the spectrum in the region of shorter wave¬ 
length is increased (c/. § 1). 

The spectrum of carborundum cathodo-luminescence in a 
discharge-tube appears to be nearly identical with the 
spectrum of contact luminescence II. 

In order to obtain some indications with respect to the 
essentials of the process at the contact, the luminescence of 
a carborundum detector was also observed in a magnetic field. 

Sometimes the luminescence changed considerably as the 
luminous detector was transferred from air to another medium; 
for example, to benzene. The description of these obser¬ 
vations is outside the scope of this paper. 

§ 3. Luminous Detector and Unilateral Conductivity of the 
Contact with Crystals, The Dffect of Increased Con¬ 
ductivity of the Fluorescent Layer, 

The points of the crystal which were found at high 
frequency (without impressed “ polarizing voltage to 
give the rectified action were always non-equal as regards 
luminosity with direct current at a different direction oi d, e, 
(and in meaning of item 1, § 2). 

In order to explain the inverse directions of unilateral 
conductivity showm by characteristics of figs, 2 and 3* (§ 1), 
it may be easily supposed that at luminescence II. occurs 
the increase of conductivity of the fluorescent layer (a very 
large surface of which is typical for luminescence 11. ; 
see fig. 4) under the effect of electronic process at the 
contact,—analogically to the known fact of increasing con¬ 
ductivity of cathodo-luminescent bodies in discharge-tubes t- 
(This suggestion was also made by Prof. B. A. Ostrouinoff.) 

The influence of increased conductivity effect of a laver 
near to the contact may be partly applied to the actions of 
some other (and non-Iuminous) contact detectors and im¬ 
pressed on the effect of properties of hypothetic electronic 
discharge itself. 

In addition to the characteristics on figs. 2 and 3 (§ 1), on 
fig. 7 is shown the curve both positive and negative branches 
of which are crossed (when they are in the same quadrant). 
The presence of that cross can be explained by the imposition 
of these two effects. By examination of detector contact 
under the microscope, when the curve of fig. 7 was plotted, 
the case of imposition of both luminescences (I. and II.) cam 

* Cf, A. Schleede and H. Buj^gish, Phys. Zeif. xxviii. p. 174 (1927). 

+ E. Rupp, Ann, d, Phys, Ixxiii. p. 127 (1924). 
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be observed. (The point of the crystal from which the curve 
of fig. 7 was taken was also tested for rectifying of high 
frequency (without impressed polarizing voltage”). It 
was found that at low tension of H.F. the rectification 
occurred in one direction, but with increased tension of H.F* 
the direction was reversed). 


Fig. 7. 



Both positive and negative branches of characteristic are 
shown in the same quadrant. 


Unilateral conductivity of the carborundum detector 
Cannot be explained by thermoelectric effect. In connexion 
with this an investigation was made the description of 
which is outside the scope of this paper. It was found that 

T. i T, b, p. no. 44, p. 485 (1927). 
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neither the value of the thermo-E.M.F. nor its direction 
agreed with the continuous component value of the E.M.F. 
of the rectified current, which at corresponding conditions 
can be easily obtained from the same detection point of the 
carborundum crystal 

All characteristic curves given in this paper were plotted 
by means of the scheme shown in fig. 8 (Es=s V—IR 5 ). 


Fig. 8. 



§ 4. Luminous Detector and Oscillations with Crystals. 

The oscillation with crystal detector (galena) was dis¬ 
covered b}’^ W. Eccles in 1910 f* He formulated an 
interesting thermal theory of this phenomenon based on the 


* Cf. F. Trey, Phys, Zeit, xxvi. p. 849 (1926). H, Liike, Phys. Zeit. 
xxviii. p. 213 (1927). 

t In May 1910 a communication was made by W. H. Eccles to the 
London Physical Society Q The Electrician,' p. 386,1910); see G. W. 
Pickard, ^Kadio News,’ vi. p. 1166 (1925) ; H. J. Round and N. M. Rust, 
Wireless World and Radio Review,’ xvii. p. 217 (1926); H. S. Pocock, 
Wireless World and Radio Review,’ xiv. p. 299 (1924). See also 
G. Million, Jn., ‘ Radio News,’ v. p. 714 (1928) ; R. Pennec, ‘ Radio 
Revue,’ no. 28, p. 139 (1924). 
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fact that many detector minerals, having metallic coiidac- 
tivity, have a negative temperature resistance coefficient*. 

A carborundum detector seldom gives the characteristics 

with negative slope < 0^, even on little space {cf. on 

fig. 9a the characteristic of oscillating point of zincite detector; 
d!E 

on space IqD <0 ). Sometimes in a zincite generating 
detector (zincite and steel wire) the luminescence can be 


Fig. 9a. 



•obtained, but it is very feeble (cf. §2. The cathodo- 
luminescence of zincite is also very feeble in comparison 
with that of carborundum). 

(1) The possibility of producing very steadily (continued 
for some hours), witli a generating zincite detector, short 
waves to 24'3 metres (l’23x 10^ cycles per second) t shows 

I ? ^ W. H. Eccles, Phil. Mag. xix. p. 869 (1910). ( Cit, by A. Petrowsky, 
Morskoy Sbornic, no. 10, 1911). For example, for specimens of zincite 
(ZnO), carborundum (SiC), and iron glance (F 2 O 3 ) within 22 ° to 97° 0. 
temperature resistance coefficients were correspondent to ( 1 ) - 0*007; 
(2) -0*0027 ; (3) ->0*0065 {T. ^. T. b. p. no. 26, p. 403,1924). 

t Cf, R. Ettenreich, Phys. Zeit, xxi. p. 208 (1920). It has been stated 
by R^ Ettenreich that the time of reaction in crystal rectifiers is less 
than 10~® second ” {cit* A. C. James, Phil. Mag. xlix. p. 681, 1926). 
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that the inertia o£ the corresponding processes at the contact 
is very small (cf. § 5 ). 

Fig. 10 represents the scheme used for receiving short 
waves The galvanometer fiK was used as indicator ; 
fZzs: galena detector ; G=: zincite generating detector ; L= 
seven turns in the diameter 11 cm.; wire in the diam, 
2 mm.; L'=one turn in the same diameter; wire in the 
diam. 2’2 mm.: Rft=:ballast resistance 2300x2 ; L'' and = 
choke-coils—^single-layer coils (without iron core) ; wire in 
the diam. 0*1 mm.; G''=blocking condenser 370 cm. ; B = 
battery 12 volt. (Besides the fundamental frequency l’23x 
10 ^ the second harmonic was also found.) 


Fig. 10. 



^ ^ - 


The scheme as used for short-wave reception; the circuit luO* has been 
calibrated by the method of stationary waves on Lecher wires ; the 
coupling between JJ and L was loose. 

( 2 ) An investigation of temperature influence on gene¬ 
rating contact showed that the value (abs.) of the negative 
resistance produced by the contact was strongly decreased 
by even comparatively small equable external heating (for 
example, on 60^ C. ; see fig. 11 —both positive and negative 
branches of the characteristic curve are shown in the same 
quadrant). If the detector is generating the oscillations are 
stopped by heating. Decrease of the temperature gives the 
contrary effect f. Thus the contact of a generating detector, 

* T. i r. b. p. no. 21, p. 349 (1923). Eef. by H. Pocock, ‘Wire¬ 
less World and Radio Review/ xiv. p. 290 (1924); M. Gausner et 
T. Quinet, Radio Revue, no. 30, p. 189 (1924); and by J. Podliasky, 
RadioilectriciU, v. p. 196 (1924). 

t T, i T, b. p. n. 18, p. 45 (1923). Ref. by 0. N. Vinogradov^. 
UOnde ElectHque, n. 33, p. 441 (1924). 
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under normal conditions, when working is very feebly- 
heated . 

The action of the contact of a zincite generating detector 
may be regarded as the result of a cold electronic process,^ 
but having certain properties of the voltaic arc * (cf. § 2). 
This is in accordance with the observations described above. 

For the purpose of the present consideration we may 
introduce the conception of ohmic resistance (of touch at 
the contact t) which is in parallel to the hypothetic 


Fig. 11. 



The curves E = f (I) under varying conditions of temperature of zincite 
steel wire detector. The curve at the top and that third from top 
are-plotted with the positive of applied current to the zincite, while 
the second and fourth were with negative to the zincite. Both 
the fifth and sixth curves indicate each two branches of characteristics 
which are considered. All curves were plotted from same oscillating 
point. 

After cessation of heating (approach to normal conditions) initial 
properties of detector are'restored. 

(The oscillation circuit was disconnected during the time of plotting.) 


* Partly similar to thermionic emission, but under a great deal lower 
temperature (see fig. 11). Due to the temperature, changes con¬ 
siderably (which may be somewhat analogous to break-down voltage of 
ordinary discharge in the gas). See T. i T. b.p. no. 18; C. Vinogradov,. 
loc. dt. 

t >5(66 G. Hoffman, loc, cit. 




1036 


Mr. 0. V. Lossev on 


discharge and also takes into account the fact that the 
electronic discharge at I from 0 to I<Io is very small, and 
the current passes chiefly across (i. e, tan >8 = R« ; see 
fig. 9 a). 

For a space of characteristic I>Io an expression 

E = i(IR, + a + s/{a-lRsf^ARsb) + lr,. . (I.) 

is obtained if it be supposed that cold electronic discharge at 
generating contact at I>Io is subject to the law e^a + bji ** 
Here e and i are tension and current of electronic discharge; 
u and b = constants ; r = resistance of crystal thickness ; 



I = current across the whole detector ; E = tension on 
detector terminals f §2). On fig. 12 is shown the 
curve which corresponds to expression (I.) (curve A). To 
each value of I correspond two values for E, but only one 

dp 

of them will be stable (E<Em), since at E>Em — ^ >R^ 
(see fig. 12). 

_Jjimost cases formula (I.) is near to experimental results. 

With regard to the order of magnitude of the constants in 

^ See Mrs. Ayrton, *The Electric Arc,’ London. V. Mitkevich, 
Journ. Eussian Phys.-Chem. Society, p. 678,1903, and p. 65,1904. 

t T, i T, h, p. no. 18, p. 45 (1923). C, N. Vinogradov, loc, cit* Cf, 
Gautherot, Madia Mevue^ no. 33, p. 278 (1925). 
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formula (I.) the following table may give some indications. 
The calculations are based on characteristics which are 
plotted from the oscillating points of the zincite. 


Contact. 



a. 

bxlO^* 

Zincite i^l—steel wire ... 

98 

20,000 

5 

1-7 

»« »/ yf . 

80 

28,000 

7*5 

3-5 

»» n *» . 

76 

10,000 

3-3 

0-9 

»> If 3> . 

80 

30,000 

4-5 

1*5 

ft yy yy . 

50 

25,000 

3-5 

1*5 

It yy yy ...... 

49 

6,000 

3-5 

0-8 

,, N2—steel wire ... 

150 

32,000 

9 

1*5 

J> yy yy . 

170 

40,000 

10*5 

3 




can be calculated approximately as 


. 2Eo-a 

7— T ? 

->0 


where Eq and Iq are coordinates of the plotted characteristic 
curve which corresponds to the commencement of the stronger 
discharge (see fig. 9 a). 

When Iq and Eq of the curve taken are nearest to the 
values Imin.? Em respectively (of the corresponding theoretical 
curve; see fig. 12 [A]), the calculations may be done with 
close approximation (lor neglected). 

For one of such cases, on fig. 13 are shown the results of 
comparison of the slope value of straight line of calculated 
(expression II.) for given characteristic (dotted line^ 
tan/3==R5t) with the value of slope at its initial part 
(OA on fig. 13). In this case (see fig. 13) it is clear that 
they are near together, which is in accordance with the 
present consideration. 

All negative resistances given by conductors with charac¬ 
teristics with negative slope, for the following consideration, 
may be divided, as was done by G. Ostroumoff’t, into two 
different groups : (1) a negative series-resistance” and (2) 

a negative leak-resistance.^^ 


^ “a** has a dimension of the potential; has a dimension of 

power. 

t Fov this case E.s=18,500jj. 

% G. Ostroumoff, T. i T. h. p, no. 38, p. 465 (1926), One or another 
group of negative resistance is determined by characteristic rotation in 
regard to coordinates (which are displaced by constant components of 
both a direct current and tension; see fig. 9 6). By this the stability 
is determined in one circuit or another (C>. Ostroumoff considers both 
the arc and the vacuum-tube). {Cf, H. Barkhausen, Zeii. fur Hack-- 
frequenztechnic, xxvii. p. 150 (1926). Also Kiebitz, ibid, p. 136 (1926) 
T. i, T. b.p. no. 14, p, 384 (1922) and no. 38, p. 436 (1926)). 
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From the form of static characteristic of the generating 
detector (see figs. 9 a, ] 1,13 ; cf. also fig. 9 b) it can be seen 
that a generating detector may give a negative leak- 
resistance.” Thus a steady periodical process may be excited 
by a generating detector only, either: 

(1) In a “capacity circuit” jRC (fig. 14—the circuit con¬ 
sists of the capacity C and resistance R, where self-inductance 
is very small) with the period of impulses proportional to 
RC analogically to a multivibrator, Abraham and Bloch * ; 
or 


(2) In an ordinary (Thomson) oscillating circuit (LC) 
connected in series to the detector G (see fig. 10) t. This 
was found to be so in all our experiments 

In the following table are shown the observations of 
frequencies of capacity oscillations which are produced 
by a generating detector in circuit RC § (fig. 14). 


K(a) 

C(nF). 

Observed frequencies. 
/(cyc./sec.). 

Value of coefficient k 
in expression /=1/^RC 
corresponding to observed f. 


2-9 

2200 

2-61 

40 

4-9 


2-84 

170 

0-9 


3-12 

170 

2 

850 

3-46 

170 

2-9 

620 

3-28 

170 

4 

460 

3*19 

240 

2*9 

560 

2-56 

240 

2 

790 


220 

09 


219 

40 

4-9 

1550 

3-29 


* H. Abraham and E. Bloch, C. jR. clxviii. p. 1105 (1919). ^ Kadio 

Review/ i. no. 2, p. 91 (1919). Cf, H. Barkhausen, £, T. Z, p. 1338 
(1924) ; E. Eriedlander, Arch, fur Electrotech. xvii. pp. 1 and 103 ; B. Van 
der Pol, Jn., Phil. Mag. lii. p. 978 (1926). The latter author termed these 
oscillations ‘‘relaxation oscillations.” In this paper they are termed 
“ capacity oscillations ” to distinguish them from another type of re¬ 
laxation oscillations,—“self-induction oscillations,”—of which the period 
is proportional to L/R. “ Self-induction oscillations ” appear to be 
steady only in the presence of “ negative leak-resistance ” (see fig. 9 b) 
in the circuit containing self-induction and resistance, where capacity is 
very small. 

t In the “ Thomson circuit in parallel ” it is possible to obtain stable 
oscillations only with “negative leak-resistance,’" for example, with 
vacuum-tube (see fig. 9 h). 

J From a generating detector may also be obtained oscillations of 
which the period is regulated mechanically (quartz, camerton, and so on). 

S T. i T. h. p. DO. 38, p. 446 (1926). 









the CarhoTundum Detector. 


Kig. 13. 








1040 


Mr. 0. V. Lossev on 

R = lOOOo ; ohmic resistance of the telephone = 250ii; 
B = 12 volts = const. 

In a Thomson oscillating circuit in series ” (LO) the 
generating detector G (as well as Duddel arc) produces^ 
generally speaking, the oscillations of the second type * 
(seePl.XIX. fig 15). 

Fig. 15 (PI. XIX.) represents the oscillograms of oscillating 
current of low frequency. The oscillograph loop was directly 
connected to oscillating circuit LC. 0 = 2 /Lfc F. ; L = 0’1 H. ; 
ohmic resistance in the circuit = lln ; Rft= 1000^; B = 12 volts 
(see fig. 16). 

The period of these non-sinusoidal oscillations will increase 
the more in respect to 27r \/B/C (1) the greater C/L, (2) the 
smaller the resistance of the circuit, (3) the steeper the 


Fig. 16. 



negative slope on a given space of detector characteristic. 
For example, with strong increase of direct current I (see 
fig. 9 a) the period may be decreased approximately to 
27r \/L/C. Compare the curve a on fig. 15 (PI. XIX.), 
which is plotted at small I at I = 2’5 milliamps.; E, on 

detector terminals, ==7’1 volts) with ‘‘6” plotted at large I 
(‘‘A” at I = 4’9 milliamps. ; B = 6*2 volts) across the gene¬ 
rating detector. 

But it may be mentioned that the production of second 
type ” oscillations cannot be taken as a factor to confirm 
either the thermal theory or the point of view on the 

* T, i. T. h, p, no. 14, p. 375 (1922) ; ^ Wireless World and Kadio 
Beview,’ no. 271, p. 93 (1924). Second type’' here is meant a 

large deflexion of the oscillating current in the circuit from a sinusoidal 
form. The oscillograms were kindly taken by Mr. A. M. Coogucheff. 
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electronic discharge* * * § It is a consequence of the charac¬ 
teristic form (even if counted as “ non-inert of generating 
detector (see fig. 9 a), and also of its regimen and the 
properties of the connected oscillating circuit. 

There are interesting thermal theories with respect to the 
actions of generating contact formulated by W. Eccles 
A. Petrowsky and (x. Ostroumoff and as regards the 
sounding of detector by K. Lichtenecker §. 

F. Seidl discovered an interesting phenomenon of the 
sounding of crystals, and investigated in connexion with this 
phenomenon different effects || under the condition of larger 
currents than in the case of ordinary oscillation with crystal, 
and came to view the effect of sounding as a consequence of 
electronic discharge. 

As it is with other sources of negative resistance, in the 
schemes with a generating detector the regimen of regene¬ 
ration may be obtained. For practical purposes the detector 
is easy to connect directly to the aerial of the receiver IT 
(figs. 17 a & 17 6). 

More than eighty different natural minerals have been 
investigated with regard to the oscillations, and it has been 
found that (besides zincite) tinstone (Sn 02 ) generated rather 
well. 

The author desires to take this opportunity of expressing 
his gratitude to Mr. N. A. Smolianinoff for his kind 
presentation of many specimens of minerals. 

For practical purposes the most satisfactory type was 
found to be a zincite crystal which was prepared by fusing 
with MnOa in an electrical arc furnace 

Fusion of the crystals increases their conductivity. Fused 
crystals produce stable oscillations (which may be maintained 
for more than three days). With fused crystals, tension of 
d.c. source must not be too great—about 12 volts are enough 

* W. Eccles, loc, cit, (cit. by A. Petrowsky). 

t A. A. Petrowsky, Morshoy Sbornic, no. 10 (1911). 

X G. Ostroumoff, T. i T. b. p. no. 24, p. 204 (1924). 

§ K. Lichtenecker, Zeit. fur Tech. Phys. viii. p. 161 (1927). 

II E. Seidl, Vien. Ber. (ll. a) cxxxv. H. 9 (1926); Phys. Zeit. xxvii. 
pp. 64 and SlO (1926). The effect of sounding of crystals has also been 
discovered by the radio amateur, A. Karpovsky, Nov. 1926 (21 i. T. b.p.^ 
no. 43, pp. 449-451, 1927). 

% Lossev, Teehnika Suiazt, ii. nos, 3-4, p, 390 (1924). Ref. by 
V. Gabel, ^ Wireless World and Radio Review/ vol. xv. no. 269, p. 6U 
(1924). Cf. Britch. pat. J. Smith and S. Pearce, No. 269006 (1925) 
(Exp. Wir. & Wir. Eng. iii. no. 39, p. 776 (1926)). 

T. i T. b.p. no. 21, p. 349 (1923). Also ^tschr, fur Pemmelde^ 
technik, no. 9, p. 132 (1925). 

PUL Mag. S. 7. Vol 6. No. 39. Nov. 1928. 3 Y 
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on the average. Signs of poles are important. Except for 
some cases, the branch of characteristic at (-f) zincite and 
(—) steel wire has steeper negative slope (see, for example, 
fig. 11). Of course, stability occurs only when the resist¬ 
ance Rft (see figs. 8,10,14,16, 17 a & 17 b) is not less than the 
absolute value of the negative resistance produced by the 
detector (at given I and E). 

In conclusion, it may be mentioned that a considerable 
change of zincite detector characteristic may also depend on 
the Joule effect (c/. fig. 11). For example, when the oscil¬ 
lating point giving the characteristic curve is traced by 
the steady current, of order more than 10 inilliainps., the 



B=12 volts (4+8), 

During the work of the scheme 
the current I across the detec¬ 
tor G was usually taken of order 
4 milliamps. 

Rj=1000q. 


L'C' is an auxiliary circuit of low 
audio-frequency, used to find the oscil¬ 
lating points on the crystal, 

L'=0-035H.; C'=-0-25/xF. 

To obtain the oscillations in the circuit LG 
after switching from L'C' to LG, the 
conditions 


C/h^O/U and R^IV 
must be taken. 

R and B' are resistances in the circuits. 


hysteretic loop^' depending on the Joule effect was 
observed (c/. fig. 11). 

Setting the generating zincite detector in benzene, ether 
{generally in non-con due tive intensively evaporating liquids) 
makes E^^/a greater, and enables the production of negative 

♦ Russian Pats. 996,76317 (1922); 472, 77717 11923). 
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resistance to be greater in absolute value (See the 
influence o£ the temperature in fig. 11; cf. also § 2.) 

§ 5. Luminous Detector as a Light Relay. 

The luminescence of a carborundum detector may be 
observed, beginning with a current through the contact of 
order 10"“^ amp. (see the characteristics on tigs. 2, 3, & 7). 

With strong current of order 10“^ amp. bright lumi¬ 
nescence may be obtained, and it still remains on a 
red-hot (by the Joule effect) crystal. Fig. 18 (FI XIX.) 
(orthocbromatic plate) shows the piece of carborundum 
placed between two metallic rods ; the current =0’2 amp.; 
the potential difference between rods = 29 volts. At the 
negative electrode a violet spot (fig. 18, on the right) of 
luminescence II. is marked on the red-hot crystal. 

During observations of both luminescences (I. and II.) in 
a rotating mirror, if an alternating current passes through 
the contact separate flashes may be clearly seen at fre¬ 
quencies up to 78,500 eye. per second (current = 0*23 
amp. R.M.S.). The limit of discernment of these flashes 
(frequency 78,500 eye. per second) depends on the resolving 
power of the installation of the rotating mirror, but it was 
independent of ‘‘ luminescence inertia.^’ Even at frequency 
78,500 eye. per second the lengths of the black intervals 
were more than the lengths of the flashes, which indicated 
that the luminescence appeared and disappeared very 
quickly f- 

The brightness of the luminescence may be made suffi¬ 
ciently great to render it possible to record on a moving 
photographic plate an alternating current of frequency order 
10^ eye. per second. Fig. Vd a (PI. XX.) shows the record 
of a current 500 eye. per second (with luminescence II.; 
current through the detector = 0*24 amp., R.M.S. ; objec¬ 
tive F: 3*5 ; F = 7 cm.) ; see also fig. 19 b (PI. XX.). 

Fig. 20 (PI. XX.) represents the action of luminescence 
II. on a photographic plate for different times of exposure 
(objective “ Collinear Voigtlander” F : 18 ; F = 18 cm. ; 

* T. i T, h. p. no. 18. 

t With regard to small inertia, compare the very small (and typical 
for fluorescence) duration of after-luminescence in photo-luminescence; 
(of order 10*“® sec. ; less than 10“** sec.). See S. J. Wavilow and W. L. 
Lewshin, Journ. Russian Phys.-Chem. Society, Iviii. p. 555 (1926); 
Zeit.f 'dr Phys. xxxv. p. 920 (1926). In the investigation of the photo¬ 
luminescence phenomenon it has been stated by the above-named authors 
that there are no intervening stages between fluorescence and phosphor- 
.escence. 


3 Y2 
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the luminescence is projected in natural size; current 
through the detector = 0*23 amp.; tension on terminals 2S 
volts). For comparison, in fig. 21 (PI. XX.) are shown 
some results for ‘^glimmering’’ neon lamp (also non-inertia 
source of light) Osram 125-139 volts, to which was applied 
d. c. 177 volts with value 15*1 milliamps. From this it is 
clear that the luminous detector acted more effectually than 
the lamp {cf. figs. 20 & 21, PL XX.). 

It may be mentioned that with strong currents sometimes^ 
in addition to the contact luminescence, luminescence at the 
place of contact of single little crystals occurred, in one place 
or in another, in the middle of the carborundum piece [cf. 
fig. 18). The intensity of these luminescences also depends 
on current direction, in meaning of item 1, § 2. 

In conclusion, the author wishes to thank Professor W. K. 
Lebedinsky, M.Sc., for his valuable advice in connexion with 
the work on oscillating crystals. 

Nfiny-NoYgorod, Radio Laboratory. 


cm. On Jaeger^B Method as Applied to the Determination 
of the Surface lension of Mercury. By R. 0. Bkown, 
B.Scf 

ri^WO years ago research was commenced with a view to 
JL determining, by a small variety of methods, the surface 
tensions of certain molten metals. As in the literature of 
the subject the maximum bubble pressure method, sometimes 
called Jaeger’s method, is quoted as having been used 
extensively for high temperature work, it was decided to 
make use, in the first place, of this method. A few pre¬ 
liminary experiments were carried out using mercury, for 
obvious reasons, and difficulties began immediately to appear.. 
Many of these have apparently been encountered also by 
Bircumshaw’^ (Phil. Mag., Sept. 1928). Throughout the past 
two years the vagaries of the method have been studied by 
the present w riter, not so much for their own sakes as with a 
view to their elimination. The observations described in the 
present paper in many cases fall in with those of Bircumshaw 
and also break a certain amount of new ground. 


• Communicated by Prof. A. W. Porter, F.R.S, 
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Apparatus and General Manipulation. 

The apparatus was of the usual type. The gas to be used 
for blowing the bubbles was contained in a glass reservoir 
the volume of which could be controlled by allowing mercury 
to run in or out of it. On leaving the reservoir the gas 
passed through rubber tubing, which could be restricted to 
any required degree by means of a screw-clip, and then to 
the jet and one arm of a water manometer, which consisted 
of a tube of 0’5 cm. bore, the other arm being a Woolf^s 
bottle of 10 cm. diameter. Thus pressure changes read on 
the narrow arm were multiplied by 1*0025 in order to 
obtain the true pressure change in centimetres of water. 
During tiie preliminary experiments the jet was clamped and 
the mercury under experiment was raised or lowered beneath 
it on a levelling table fitted with a graduated vertical action. 
Thus the jet remained stationary and the mercury was set 
with its surface coinciding with the plane of the jet by visual 
observation ; it was then raised through a known distance. 
Later the jet was provided with a graduated screw for 
vertical motion and the mercury container, which was of 
silica, was fixed. The disposition of this part of the apparatus 
was such that the whole could be enclosed in a vertical 
electric furnace, the temperature of the mercury being 
measured with a calibrated Pt, Pt~Rh thermocouple. A 
drying tube of wide bore containing calcium-chloride lumps 
was incorporated between the manometer and the jet. The 
jets, in the first place, were made of glass, and it was found 
that these could be drawn and fractured satisfactorily after 
some practice, and there appeared no necessity to grind them. 
Later, jets of amalgamated copper, platinum, and monel 
metal were used. When possible, the setting of the plane of 
the tip of the jet in the mercury surface, preparatory to 
lowering it through a known dhtance, was done visually; 
but, when the furnace was in use, this became no longer 
possible and the following technique was adopted. The 
pressure inside the gas reservoir was reduced and the screw- 
clip adjusted so as to cause a slow current of air to flow up 
the jet. The latter was then slowly lowered until the 
manometer began to rise, showing that the jet orifice had 
been closed by the mercury surface. The settings of the 
screw-head thus obtained were found to be in better agree¬ 
ment with those obtained visually than were those obtained 
by the more generally used method of allowing gas to flow 
out of the jet, probably because in this last case the outflow¬ 
ing gas forms a depression in the mercury surface and the 
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movements o£ the manometer are correspondingly less 
definite. In the later and more accurate experiments the 
mercury for each day^s readings was collected in the silica 
vessel direct from a single-stage vacuum still. 

The equation nsed in the calculations was 

where 

T is the surface tension of the liquid in dynes per cm. 

r the radius of the jet in cm. 

g the acceleration due to gravity. 

H the maximum corrected reading of the manometer 
in cm. 

(T the density of the manometric liquid. 

h the depth of the tip below the free surface of the 
mercury in cm. 

p the density of mercury at the temperature observed. 
Results. 

During the first experiments the bubbles were blown with 
air, and it was immediately noticed that the detachment of 
the bubble from the tip of a glass jet in mercury corresponded, 
in general, to no definite pressure for any given jet. The 
first indication of reproducibility was given by a glass jet of 
internal and external radii 0*026 and 0 045 cm. respectively. 
Readings of maximum bubble pressure taken immediately 
after vSetting the tip 0*391 cm. below the free surface of the 
mercury always rose consistently, not from a consistent 
initial reading, but always reaching a definite maximum. A 
typical series of readings was 38 cm., 42*0 cm., and a 
maximum of 42*52 cm. of water, the maximum being con¬ 
sistent. If the jet was withdrawn and reset in the liquid a 
similar series was obtained with the same maximum. When 
corrected for the rise of water in the wide arm of the 
manometer 42*52 cm. becomes 42*63 cm. of water wfith a 
density of 0*999 gm./cc. Using the internal radius of the 
jet in the calculations the value for the surface tension of 
mercury comes out to be 478 dynes/cm., and using the 
external radius the value is 819 dynes/cm. Of course 
the bubble is quite invisible during the whole of its life, so 
that the evidence as to which edge of the jet it is clinging to 
when the pressure inside it reaches a maximum is derived 
from the values given when each of the radii is used in turn 
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ill the calculations. Thus in the above case it would appear 
that the internal radius is the correct one to use, as 478 is a 
much more probable value for the surface tension of mercury 
at room-temperature than is 819. 

A set of readings covering several days, during which the 
jet was not removed from the mercury, was taken with this 
jet. After the first day the readings remained consistently 
at the maximum, rising slightly with time. Thus on the 
first day the result was 470 dynes/cm. and on the fifth it was 
477, using the internal radius (the external radius, if used in 
the calculations, will, of course, give 817 for the fifth day)^ 
Points to be noticed are :— 

1. On the fifth day the maximum pressures were constant 
to 0*05 cm. of water in 42 cm., and in most cases no variation 
was noticeable at all on a scale graduated in mm. 

2. On withdrawing the jet and re-immersing it on the 
fifth day the pressure assumed its maximum value after 
about two bubbles had been released. 

3. The pressure at which the bubble became unstable 
dejiended not on the time elapsed since setting the jet in the 
mercury but on the number of bubbles blown since then. 

4. The mercury was not protected from atmospheric con¬ 
tamination to any great extent, so that the accuracy of the 
method would appear to be singularly independent of 
the state of the free surface of the mercury when once the 
jet has been immersed below it. 

Next a jet was made with thinner walls but larger radii 
[internal 0’0847 cm., external 0*0970 cm., thickness 0*012 
cm,]. The jet was soaked overnight in chromic and 
sulpiiuric acids, washed in tap-water and distilled water 
and dried. The following set of uncorrected pressures, 
p. 1048 (cm. water) was obtained. A horizontal line 
separating two consecutive readings indicates that between 
these two readings the jet was withdrawn and reset in the 
mercury. 

Thus with this jet it would appear that after two or three 
bubbles had been released, the bubble began to form on the 
outer edge of the jet, giving a pressure of 16*14 cm. of 
water (when corrected for the rise of the wide arm), since 
this pressure gives, when the external radius is used in the 
calculation, a value of 473 dynes/cm., which is very near to 
values obtained with other jets, and also those published by 
other observers. The low value of the pressure obtained 
with the initial bubbles of the series might be explained by 
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assuming the presence of an air-film adhering to the jet upon 
first lowering the latter into the mercury, and the subsequent 
partial or complete destruction of the film by movements of 
the mercury following upon the release of the first bubbles. 


JJncorrected Pressures^ 


15-7 I 

15- 7 [ 
15*7 J 
160 
16*10-I 

16*10 I 

16- 10 i 
16*11 
16*60 


with external radius gires 450 dynes/cm.; 
with internal radius gives 399 dynes/cm. 


with external radius gives 473 dynes/cin ; 
with internal radius gives 419 dynes/cm. 


16*10 


16*14 

16*45 

16*3 

16*4 

16*5 


16*55 

16-64 

16*63 

16*78 

16-63 

16*83 

16*91 

16*88 


16-95 


17*01 

16*93 


17*09 

17*14 (the highest reading) 

17*03 

17*10 

17*08 

16*4 

16*4 


f with external radius gives 523 dynes/cm. 
\ with internal radius gives’462 dynes/cm. 


10*9 


1^7 

15*7 


The presence of an air-film on the horizontal face of the tip 
might also explain the tendency of the pressures to rise 
above the value of 16*14 cm.^ since the film would lessen the 
adhesion of the mercury to the underneath lace of the jet, 
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ami so cause the bubble to spread to the outer edge. During 
its destruction, however, the adhesive forces would be in¬ 
creased, and the mercury-glass circle of contact might find 
itself nearer to the inner edge of the jet when the maximum 
bubble-pressure was reached. The maximum reading recorded 
(17*18 when corrected) gives 462 dyiies/cm. with the internal 
radius, which would indicate that during this series the 
bubble never actually remained on the inner edge of the 
jet. An actual change in the value of the surface tension 
does not seem to be indicated, since the series could be 
repeated over again by merely withdrawing the jet and 
re-setting it in the liquid, and also it must be remembered 
that a fresh surface is formed for each bubble, so that a 
change in the surface tension could only be brought about by 
a change in the bulk composition of the mercury. Another 
possible cause of the phenomena might be the creation— 
instead of, or in addition to, the destruction of an air-film 
—of a layer, on the underside of the jet, of some combination 
of the glass mercury and oxygen molecules which might cause 
an increase in the adhesion of mercury for glass. It is sig¬ 
nificant that, as will be seen later, there appeared no tendency 
for the bubble to be released from any but the outer edge 
when nitrogen was used instead of air for blowing the 
bubbles. With other glass jets which were made (and when 
air was used) it was usually noticed that pressures corre¬ 
sponding to the outer edges were registered on beginning 
a series of readings, but in some cases these could not be 
repeated until the jet was cleaned again and fresh mercury 
was used. 

A copper jet (internal radius 0*042 cm., external 0*064 cm.) 
was then constructed and the tip of it amalgamated with mer¬ 
cury. The object in view was not so much the obtaining of 
an accurate value of the surface tension as the seeing whether 
the same large variations in the readings would occur when 
using a jet which was wetted by t..3 mercury. The 
largest variation noticed was 0*6 cm. in 25 cm. of water 
which is far less than most of those experienced with glass 
jets. Taking an average reading and using the internal 
radius in the calculation we get 397 dynes/cm., and using 
the external 7'adius 616 dynes/cm. The actual values mean 
very little since probably the mercury forming the bubble 
had a considerable amount of copper dissolved in it ; but the 
comparative consistency of the readings was striking when 
< 5 ompared with readings taken with glass jets. 

Expeidments were next carried out using nitrogen instead 
of air and little or no tendency was shown for the readings 
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to rise continuously as successive bubbles were blown. 
Moreover, different jets gave consistent values of the surface 
tension only when the external radius was used in the calcu¬ 
lation. Tlie following is a typical set of readings obtained 
with a glass jet of radii 0*0450 and 0*0695 cm. : — 

Cm. of water 
(uncorrected). 

19-76 

19-78 

Mean 19*78, wliicli, when corrected, becomes 19*83 cm. 
This, with the external radius, gives 469 dyues/cm. 
at 19^ C. 


19-79 

19*80 

The readings remained constant for periods as long as 
24 hours when the jet was kept below the surface of the 
mercury for that period. After such long periods of im¬ 
mersion, however, it was sometimes noticed that the gas 
flowed out of the jet in a constant stream and passed con¬ 
tinuously up the outside walls of the jet to the free surface 
of the mercury without forming bubbles in the usual way. 
When this happened, the manometer registered a pressure 
less than that caused by bubbles and the surface of the 
mercury was covered with a pattern of standing ripples. 
This failure to form the usual bubbles was possibly caused 
by a weakening of the adhesion of the mercury for the glass 
of the jet by the formation of a film of gas on the glass, since 
it could usually be remedied by lowering the tip of the jet 
to 0*600 instead of 0*400 cm. (which was the usual distance 
employed) below the free surface of the mercury, thus 
increasing the hydrostatic pressure on such a film. 
Sauerwald and Drath {Z. Anorg. Chem. cliv. p. 79 (1926) 
have noticed that consistent readings of bubble pressure 
cannot be obtained in general unless the jet is immersed to 
a depth greater than 0*3 cm. A platinum jet of very small 
thickness (radii 0*0325 and 0*0352 cm.) behaved very 
similarly. On changing the dimensions of the jet by turning 
it in a lathe it was readily seen that the external radius 
must be used in the calculations in order to give consistent 
results for the two sizes of jet. A few readings taken with 
a jet of monel metal of dimensions similar to those of the 
platinum jets were also satisfactory. The values obtained 
for the surface tension of mercury at an average temperature 


19-77 

19-78 

19-80 

19-76 

19-80 
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of 18^ C. with glass and platinum jets (using nitrogen) 
here summarized :— 

Jet. 

Padii, 

cm. 

T, 

dynes/cm. 


r 

Int. 

Ext. 

Glass 1 . 

0*0415 

0 0500 

471 

.. 2 . 

0 0450 

00695 

469 

472 

„ 3 . 

0*043 

0*061 

475 

Platinum 1 . 

0 0325 

00352 

477 

477 

478 

» 2 . 

Mean values :— 

00315 

00379 

476 

476 

Glass jets 

. 4'J 

'2 djnes/cm. 



Platinum jets . 477 ,, 

Further interesting results were obtained when higher 
temperatures than that of the air were used. For this the 
furnace and other arrangements previously referred to were 
brought into use. The furnace was kept at the temperature 
required for several hours so as to avoid any temperature 
lag. At first the second glass jet referred to in the table 
above was used. The readings were extremely consistent, 
variations in pressure rarely reaching 0*05 cm. in any deter¬ 
mination. The values obtained indicated that the external 
radius was to be used in the calculations. Unfortunately 
the jet was chipped and the readings became indefinite after 
tiecerminations at three different temperatures had been 
made. Gla.^s jet number 3 was then used, and it was found 
that, in order to bring tlie results into line with those already 
obtained (which agreed well with those of other observers), it 
was necessary to use the internal radius at the temperatures 
which were used. The actual pressures were again as con¬ 
sistent as before and there appeared no tendency for the 
bubble to form on the outer circumference. On the whole, 
however, the actual results for the surface tension given by 
this jet were unsatisfactory. Number 1 glass jet was found 
to be very satisfactory and good values were obtained with 
this, the bubble appearing to come from the inner edge of 
the jet except for air temperature. These remarks also 
apply to a fourth gas jet which was made. 










/n cl//7es ce/76fjfT7&6r^, 
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Summary of values obtained for the surface tension of 
mercury at temperatures up to its boiling point:— 


Jet. 

Radii, cm. Radius used in 

^-A-^ calculation. 

Int. Ext. 

Temp., 

^C. 

T, 

dynes/cm. 

Glass 1 . 

. 0-0415 0-0500 

Internal 

178 

436 




218 

427 



33 

272 

411 



f3 

326 

396 

Glass 2 . 

. 0-0450 0’0695 

External 

78 

460 



33 

162 

443 



33 

333 

397 

Glass 4 . 

.. 0-0350 0-0496 

Interna 

87 

458 




118 

460 


Mean of seTeral glass jets. 

External .... 

.. 18 

472 


Fig. 1. 



Fig. 1 shows these results graphically. The continuous 
line is drawn through the points obtained with jets 1 and 4. 
Results published by Sauerwald and Drath {loc. cit,) and by 
Bircumshaw (Phil. Mag. vii. 8, pp. 341 (1926) are also 
shown. 


Collection of Results and Discussion. 

When glass tips were used with air in the determination 
of the surface tension of mercury by the maximum bubble 
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pressure method, consistent readings were, as a rule, found 
only immediately after setting the jet in the liquid. After 
this the readings rose, but the initial reading could again be 
obtained by withdrawing the jet and setting it again in 
the mercury. By using tips of different radii it was found 
that these initial readings must be used with the external 
radius of the tip in order to give consistent values for the 
surface tension. On some occasions maximum pressures 
were reached which when used with the internal radius also 
gave fairly good results ; but this was not general at air 
temperatures. Bircuinshaw has recently noticed that there 
is difficulty in obtaining a definite bubble pressure when 
oxygen is used with glass jets ; but that consistent results 
can be obtained with hydrogen and nitrogen. This (in the 
case of the nitrogen) was the experience of the present writer.. 
When nitrogen was used, pressures given by any one glass 
let were very constant except for one or two low ones usuall}^ 
to be found immediately after immersing the jet, a possible 
explanation of which is an air layer adhering to the walls of the 
jet. Thus there seemed little or no tendency for the bubble 
to detach itself from any but the external circumference of 
the jet when nitrogen was used. For reasons given earlier 
in this paper, there seems more possibility of a change in 
the radii of successive bubbles than of an actual change in 
surface tension. Platinum and monel metal jets gave similar 
results to those with glass jets. 

When the mercury was heated certain glass jets always 
formed the bubble on the internal circumference even for 
temperatures less than 100° C., although one was discovered 
which formed the bubble on its outer edge right up to 
330° C. This latter had a large wall thickness (0*025 cm. 
as compared with 0*009 cm. and 0*012 cm. of those in the 
former category). The deciding factor in the question as to 
which radius to use in the calculations was, for these high 
temperature measurements, the agreement of results with 
those of other observers. As a rule the radii were so 
different as to leave no doubt as to which radius should be 
chosen—the smallest difference between the two alternative 
results being about 30 dynes/cm. Certain it is that with 
several jets the actual bubble pressure was greater at high 
temperatures than at air temperature, which can only be 
interpreted in the above way, especially as the readings were 
so consistent. 

The mechanism of the formation of the bubble on either 
of the two edges or at any line between them would appear 
to be obscure. It can only be said that when the adhesioi^ 
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o£ mercury for glass is small, the bubble will certainly be 
formed on the outer edge, and when the adhesion is large it 
will not spread to the outer edge but will reach its maximum 
pressure and unstable state while still on the inner edge. 
These two cases correspond roughly to perfectly non-wetting 
and perfectly wetting liquids, i with liquids of angles 
of contact of 180° and 0°. Cantor [A^in. der Phys, xhii. 
p. 399 (1892)) deals with the subject and expresses the 
opinion that for non-wetting liquids the radius ot the bubble 
will depend on the angle of contact. Thus for this case he 
recommends jets of no thickness at their tip so that the 
internal and external radii coincide. It is found difficult to 
make such jets in practice, however. 

Sauerwald and Drath consider that with liquid metals the 
bubble forms always on the external edge. Results 
described in the present paper seem to show that the bubble 
forms on the outer edge in the case of glass jets in mercury 
unless, either by the continuous blowing of bubbles with air 
or by heating the mercury, the adhesion between the two 
becomes large enough to prevent the bubble spreading to the 
outer edge. W. C. Baker (Science, Ixvii. p. 74 (1928)) has 
shown that mercury at ordinary temperatures will adhere to 
a glass surface (in his case a spherical lens surface) which is 
withdrawn from it, and it was often noticed during the course 
of the present research that the mercury adhered to the jet 
when the latter was raised out of the free surface. Baker 
also mentions that, on raising his spherical lens surface, the 
line of contact did not move in a continuous way over the 
glass surface, but sometimes stuck and remained adhering at 
the same place for considerable up and down movements of 
the lens. This may correspond to the sticking which must 
take place when the bubble surface, having left the inner 
edge (it is on this edge during some period of its life since 
the mercury meniscus is first of all in the bore of the jet), 
does not spread completely to the outer edge but detaches 
itself while registering a pressure corresponding to a cir- 
oumference lying between the two. When used at ordinary 
temperatures and with nitrogen, the bubble always comes 
from the outer edge, and in these circumstances the method 
is most satisfactory, especially in view of the facts that a fresh 
surface is blown for each bubble and that readings are con¬ 
stant for 24 hours or more even though the free surface of 
the mercury is exposed to contamination. The results 
obtained were 472 and 477 dynes/cm. for glass and platinum 
jets respectively at 18° C. These agree with the 473 
at 19°C. of Sauerwald and Drath obtained with a silica 
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jet and CO 2 , but not so well with Bircumshaw^s most 
recent values, which cluster round 500 dynes/cm. The 
temperature curve in fig. 1 follows the results of Bircum- 
shaw and Sauerwald and Drath. 

I sincerely thank Dr. A. Ferguson and Prof. A. W. 
Porter for the assistance and encouragement which they 
have lent during the course of the work. 

Carey Foster Laboratory, 

University College, London. 


CIV. The Crystal Structure of Mercury^ Copper^ and Copper 
Amalyam. By Henry Terbey and Cyril Maynard 
Wright 

1. Crystal Structure of Mercury. 

I N connexion with some work on the crystal structure of 
amalgams it was necessary to know the crystal structure 
of mercury. 

Two investigations have already been carried out: (1) by 
Ahen and AminofiF (Gool. For. Fort xliv. 1922), who found 
that mercurj’^ at the temperature of solid carbon dioxide 
has a hexagonal lattice with aQ=3*84 A.U. and {? = 1’88 ; 
and (2) by McKeehan and Cioffi (Phys. Rev. i. p. 444, 
1922), who found that at a temperature of —115° C. mercury 
has a rliombohedral structure. 

In the present investigation the w^ork was carried out 
at a temperature of approximately —150° C., and the 
rhombohedral structure assigned by McKeehan and Cioffi 
fully confirmed. 

Apparatus, 

For the production of X-rays the Shearer type of tube 
was used, fitted with a copper anticathode and operated at 
35,000-40,000 volts, the current being from 2-4 M.A. 

The camera was constructed on somewhat similar lines 
to that used by McLennan and Wilhelm for their work 
on the crystal structure of solid carbon dioxide and solid 
oxygen (Trans. Roy. Soc. of Canada, May 1925, and Phil. 
Mag., Feb. 1922). The construction is shown in the sketches 
(figs. 1 to 5). 


* Communicated by the Authors. 
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The slit, *5 mm. wide, *8 mm. high, and 3 cm. long, was 
cut from a brass cylinder 3 cm. long and 2 cm. in diameter, 
and was sealed into the wall of the camera. 

A metal film-holder F, faced with nickel foil, *03 mm. 
thick, was soldered on the inside of the brass tube, and the 



film was introduced at T, where the end ot‘ the film pro¬ 
truded through the brass tube. This joint was also soldered, 
so that the camera could be evacuated while the film 
remained at normal pressure. The films could thus he 
protected from mercury vapour in the camera. 


Fig. 6. 



The holder consisted of a soft metal tube 12—13 cm. long, 
flattened out in the form of a narrow rectangular tube to 
allow the passage of the film. The holder was bent into 
an arc of a circle with the nickel on the inside, before 
introduction into the brass tube. 

A strip of lead of the shape indicated in fig. 6, was fixed 
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at A to protect the film from the direct beam of rays, 
and the scattered rays were stopped by the wings AA. 
When the film had been introduced, the end of the holder 
at T was covered with plasticene to protect the film from 
the light. 

The Dewar vessel of the pattern indicated was made, 
the tube A (of lead-free glass) being drawn out to a thin- 
walled fine capillary tube about *8 mm. in diameter, the 
capillary being sealed at the lower end. 

Experimental Method. 

The capillary tube was lined up with the slit by rotating 
the Dewar vessel in the matrix. The position of the Dewar 
with respect to the camera was marked, so that this 
alignment need not be repeated with the same capillary 
’ tube. A piece of thin aluminium foil was waxed over 
the outside of the slit. The position of the camera was 
adjusted so that the X-rays passed through the slit, by 
viewing the fluorescence on a barium platino-cyanide screen 
})laced in the centre of the camera (the Dewar being 
removed during this operation). 

A little mercury was then placed in a small cavity in 
the bottom of the camera. The Dewar vessel was then 
replaced and the camera was evacuated with a Hyvac 
pump, a Me Leo I gauge being used to test the vacuum 
obtained. Liquid air was poured into the Dewar flask, 
and the base of the camera was very gently warmed. A 
film of mercury '25—5 mm. thick soon formed on the 
capillary tube, and the photograph was then started, an 
exposure of six hours being given. The lines on the film 
were quite distinct, but rather broad. 

Before the values of dhja for the planes giving these 
lines could be calculated, an accurate measure of R, the 
distance from the film to the mercury surface, had to be 
obtained. This was found by filling the capillary tube with 
powdered sodium chloride, and with the Dewar vessel in 
the same position relative to the camera as for the mercury 
l>hotograph another photograph was taken. Assuming 
the value of d^ki for the sodium-chloride lines (Davey, Phys. 
Rev. xxi. 1923), the value of R was calculated. This 
did not give an absolutely accurate value for R for the 
mercury photographs, as the sodium chloride was in the 
capillary tube, while the mercury was on the outside, but 
the glass wall was as thin as possible, and it was the most 
accurate means of determining R. 

3Z2 
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Results. 

Several photographs of mercury were taken, and the 
complete results from one measurement are included here 
(Table I.). 

Table I. 

Photograph of Solid Mercury. 


Distance between 
lines. 

Intensity. 

B (from NaCl 
lines). 

e. 


cm. 



cm. 



3*250 


Strong. 

2-877 

16^ 10 |' 

2*760 

4-050 



2-879 

20 *=^ 10 ' 

2*230 

6*300 


Weak. 

2*875 

26° 24' 

1-730 

6-364 


Strong. 

2*866 

31° 48' 

1*460 

6*866 


»» 

2*863 

340 I 7 r 

1-365 

7-7S9 


Weak. 

2*859 

39° IJ' 

1-221 

8-724 


Medium. 

2-859 

43° 43' 

1-113 

10*063 


ti 

2*854 

50° 31' 

-996 

11*014 


tt 

2*852 

56° 19' 

-936 

11*560 


»» 

2-852 

58° 4' 

-906 




Table II. 





Photograph of NaCl. 



These values of R are 

used for the above determinations 

o 






Distance between lines. 

^h/cl (assumed). 

B. 



cm. 



cm. 



3185 


2-814 

2-877 



4-572 


1-990 

2-880 



5639 


1*625 

2*872 



7-508 


1-259 

2-858 



8*390 


1*149 

2 860 



10*961 


*938 

2-852 



By the use of Hall’s plots (Phys. Rev. 1921, p. 17) it was 
seen that the diffraction given by mercury corresponded 
to a rhombohedral lattice with axial ratio I* 94. This 
structure confirmed the work of McKeehan and GioflS. 
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Assuming the agreement between the spacings of the 
planes (111) and (110) to be exact, from the equation 

d. — + + — 1) Vl->-2cos^\—6cos^X. 

*** ‘s/ (A* + A* + Z*) sin*A, + 2 {hk + A/ + hi) (cos® \—cos \) * 

referring the rhombohedron to three trigonal axes, where 
\—p, it followed that 

cosX=l 3, 

i.e. X=70°32'; 

knowing X from the above equation, assuming diii=2’233, 
it followed that 

Oo=2-996 A.U. 

Summary of Results, 

A summary of results (Table III.) is given with the 
tlieoretical spacings, calculated from the above equation. 


Table III. 


Indices 

(hexagonal 

form). 

Indices 

(trigonal 

form). 

^hkl 

(theoretical). 

d 

kki (observed). 

_ 

Intensity. 

r~ 

1 . 

2 . 

3. 

101 

100 

2*735 

2*766 

2*760 

2*760 

s. 

00-1 

111 

2*233 

2*230 

2*238 

2*230 

B. 

10*2 

110 






11-0 

101 

1*730 

1*727 

1-735 

1*730 

W. 

; 20*1 

111 

1*462 

1*445 

1-466 

1*460 

s. 

\10-4 

211 






j 11*3 

210 

1*367 

1*363 

1*368 

1*365 

s 

1 10*1 (2) 

100 (2) 






10*5 

221 

1*2*23 


1*227 

1*221 

w. 

f21*l 

201 






4 00*0(2) 

111 (2) 

1*116 

1*106 

1*115 

1*113 

m. 

110*2 (2) 

110 (2) 






12*2 

211 

1*073 

1*063 

... 

... 

m. w. 

J 10*0 

211 






120*5 

311 

•998 

•988 

*996 

•996 

m. 

rii*6 

321 






\12*4 

301 

*938 

•928 

*935 

•936 

m. 

rio*i (3) 

100(3) 






110*7 

322 

•911 

•901 

‘906 

•906 

m. 


Rhombohedral system. aQ=2*996x 10“^ cm. 

Hexagonal system. cr3’460 X cm. 

c=l-94. 
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The results given in Table III. show very good agreement 
with the assumed structure. The calculated density, if one 
atom is associated with each cell (simple rhombohedral lattice), 
is 14'26 gm./cm.^. The value here determined is in agree¬ 
ment with the values for its density, 14*193 gm./cm.^ 
at its melting-point (Mallet, Roy. Soc. London Proc. xxiii. 
p. 71, 1877), and 14*362 gm./om.® at the temperatures of 
liquid air (Dewar, Chem. News, Ixxxv. p. 277, 1902). 

2. Copper. 

Considerable divergence exists in the literature with regard 
to the precise values for the plane ^spacings of copper, 
values between 3 597 A.U. and 3*634 A.U. being given (c/. 
Holgersson, Ann. d. Physik^ iv. pp. 79, 35, 1926). Our 
value, 3*603, is slightly greater than the precision value 
of Davy (Phys. Rev. xxv. 1925), viz. 3*597. 

Lattice Constant for Copper. 

For the production of X-rays the Shearer type of tube 
was employed, photographs being taken with a Miiller 
X-i*ay spectrograph, a slit of 0*2 min. being used. The 
powdered substance mounted in the centre of the camera 
could be oscillated uniformly through an angle of 12^ 
during exposure, which varied between 2~4 hours. The 
films were measured on a measuring machine graduated 
to 1/100 of a millimetre. 

Experimental. 

The copper was prepared by deposition from an aqueous 
solution of pure copper sulphate to which pure zinc and 
a little sulphuric acid had been added. The deposited 
copper wras washed wdth water and alcohol, and kept under 
absolute alcohol to prevent oxidation. 

In order to eliminate any uncertainty in the value of 
R, the distance from powder surface to photographic film, 
sodium chloride was used as a comparative standard. 

The powders were prepared by grinding the halide or 
copper in an agate mortar and then rubbing through a 
200-mesh silk handkercliief. The powdered samples were 
mounted in thin celluloid tubes, 6*6 to *7 mm. in diameter. 
Two methods of packing the powders were tried—where 
the sodium chloride and copper powder w'ere intimately 
mixed before introduction into the tube, and the other 
where one half of the tube was filled with sodium chloride 
and the other half with copper. The first of these two 
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methods was found to give better photographs, and was 
used throughout this investigation. 

Results, 

The diffraction patterns of sodium chloride and copper 
were obt nned on the films. Assuming the vales of dui for 
the various sodium chloride lines (from W. P. Davey, Phys. 
liev. xxi. 1923), the values of 6 were calculated from the 
equation 

= 2^Ajfc2sin^, 

wljere 6 is the angle of diffraction, dm is the spacing of the 
reflecting plane whose indices are hkl^ \ is the wave-length 
of the X-rays. Knowing 6^ R can be determined, and these 
values of R for the sodium-chloride lines were plotted 
against tlie distance of the line from the mid-point of the 
film, so that the values of R for the lines of the substance 
under investigation could be read off from the graph. 

Tlie value of ao, the side of the unit copper cube, was 
calculated from the expression 

7 _ ap 

Several photographs were taken, using different samples 
of copper mixed with sodium chloride. The full results 
from one of these photographs are given in Table IV. 

3. Copper Aivialgams. 

The first paper of note relating to copper amalgams was 
due to Becquerel {Comptes Rendus^ Ivi. p. 237, 1863, and 
Ixxv. p. 1729, 1872), who prepared the amalgam electro- 
lytically and examined its structure microscopically. He 
stated that the amalgam crystallized in rhombohedral prisms 
with pyramidal ends. 

Gruntz and Grreift {Comptes Rendus^ cliv. p. 357, 1912) 
carried out an extensive research on the preparation of this 
amalgam, and came to the conclusion that the final product 
depended on the mode of preparation and on the conditions 
of the experiment. This has certainly been confirmed in 
the ])resent investigation, as it has been found that the 
metals readily unite in all proportions. 

Regarding the chemical nature of this amalgam, there 
has been much difference of opinion. Joule (Jahr. 1863, 
p. 281) and others considered the amalgam, prepared by 
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electrolysis and hy dissolving copper in mercury, as a simple 
compound, CuHg, but the evidence for the individuality of 
this product is meagre. 

Puschin (^Z. Anorg. Ghent, xxxvi. p. 241, 1903), i 

considerations of the E.M.F. of the cell N . Cu ^04 Cu, 

Hg 

concluded that no compound was formed. 


Table IV. 


Distance between 
corresponding 
lines. 

R for 

NaOl lines. 

R for 

Ou lines. 

sin 9. 

dhkl. 

Plane. 

^0* 

cm. 

* 16-537 

cm. 

3-0015 

cni. 





14-796 


3005 

•3338 

2*081 

Ill 

3*603 

14-336 

... 

3-006 

•o697 

2-0795 

111 

3-601 

# 14-124 

3-007 






13*599 

... 

3-008 

•4269 

1*801 

100 

3-602 

* 12*969 

3-008 






*11-964 

3-012 






ll-llO 

... 

3-009 

*6034 

1*274 

110 

3-602 

* 10-997 

3-0085 






10-574 

... 

3-011 

-6391 

1-087 

311 

3-604 

* 10-098 

3-013 






9-468 


3-012 

-7067 

1*088 

311 

3-607 

8-919 

... 

3*012 

•7383 

1*041 

111(2) 

3-605 


* NaOl lines. 

Mean value. 3 6035 A.U. 

Aa for copper=l‘5374 A C". 

\p „ „ =1-3889 l.U. 

A final mean value for Qq was determined from eight different films, giving 
the following result:— 

=3'603 + *002 l.U. 


More recently two papers have been published by Tam- 
mann and Mansuri {Z. Anorg. Ghent, pp. 132-33, 1923-24) * 
on the properties of various amalgams, including copper 
amalgam. From a study of the cooling curves, E.M.F., 
change of volume on solidification, and the microstructure 
of copper amalgams (1-90 per cent. Cu), it is concluded in 
* Cf. also Tammann and Stassfurth, Z. Anorg. Chemte, p. 143 (1926). 
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the latter paper that two series of amalgams exist. On con¬ 
tinued heating of an amalgam (5—78 per cent. Ou) at 100^ 0. 
a crystallite X is slowly formed. On cooling, a crystallite 
OuHg separates. At 20® 0. neither of these forms is present, 
but another crystallite X' appears. The two latter difEer from 
the first in that, when heated, drops of mercury exude from 
them. It cannot be said that the evidence lor the existence of 
these crystallites is very conclusive, but it certainly seems 
probable that copper amalgam can exist in more than one 
form, since the amalgams when first prepared are quite soft, 
but on standing set to a hard mass. 

The purpose of this investigation was therefore twofold : 
firstly to determine the structure of copper amalgam, and 
secondly to see if there was any change in structure when 
the amalgam was first prepared and after it had hardened. 

Preparation of Copper Amalgam. 

An amalgam containing any desired amount of mercury 
could be obtained by rubbing together, in a mortar under 
very dilute sulphuric acid, the requisite quantities of the 
two metals. The copper was prepared as in the previous 
investigation, and pure re-distilled mercury was used. 

These amalgams, which are quite soft and pasty when the 
mercury content exceeds 50 per cent., become much harder 
on standing. Even an amalgam containing as much as 
75 per cent, of mercury will set to a fairly hard mass within 
12 hours of its preparation. When the mercury content is 
less than 50 per cent, the amalgams harden within 3-4 hours 
of their preparation. 

The amalgams—powdered by the same process as was 
used for copper—were mixed with from 1-2 times their 
weight of finely-powdered sodium chloride and mounted in 
thin-walled celluloid tubes. This method of filling the tubes 
could not be followed in all cases, as the amalgams of high 
mercury content, when freshly made, were too soft to mix with 
the sodium chloride, and for these the amalgam was packed in 
one half of the tube and sodium chloride in the other half. 

Experimenta L 

The apparatus was exactly the same as was used in the 
previous investigation. 

A series of amalgams was prepared from 90 to 20 per 
cent, copper, and at least two photographs were taken of 
each, one immediately after its preparation and another 
a few days later, when the amalgam had hardened. For 
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these second photographs, fresh samples of the amalgam 
and sodium chloride were made. The composition of each 
amalgam was accurately determined by estimating the 
copper present volnmetrically with potassium iodide and 
standard thiosulphate. 


Hesults. 

The results obtained for the series of amalgams containing 
from 90 to 20 per cent, of copper can be briefly summarized 
in Table V. 


Table V. 



Freshly prepared. 

Hardened amalgam. 

Percentage 

Copper 

Amalgam 

Cupper Amalgam 

of copper. 

lattice. 

lattice. 

lattice. lattice. 


89. Strung. ... Strong. Weak. 

79. 

70. Fairly strong. ... Fairly strong. ,, 

57. Medium, ... Medium. ,, 

49. Weak. Weak. Medium weak, 

40. ,, ,, ... Medium. 

27. 

18. ,, ... ... Medium weak. 


This table shows that :— 

1. The amalgams, when first prepared, are merely 
mechanical mixtures of the two metals, as in every case 
the diffraction pattern of copper was obtained on the film, 
and the intensity of the lines decreased with increasing 
mercury content. The appearance of a weak amalgam 
pattern in the freshly-prepared amalgams containing 40 and 
49 per cent, of copper is probably due to the fact that these 
amalgams hardened in 3-4 hours, and the time of exposure 
was also of this order. 

2. In the hardened amalgams a definite compound is 
found containing from 27~40 per cent, of copper. This 
pattern is masked in the amalgams of high copper content 
hy the copper pattern. 

However, in the above photographs there were never more 
than three or four lines measurable in the amalgam pattern. 
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although in the 40- and 27-per-cent, copper amalgams there 
were a number of lines faintly discernible on tlie films. 

. Several photographs were taken of the hardened amalgams 
of mercury content 50-70 per cent, to obtain a more 
distinct diffraction pattern of the amalgam. It was found 
that if the amalgam was prepared \\ ith a mercury content ot 


Table VI. 


Amalgam. 32 per cent. Copper ; 

68 per cent. Mercury. 

Distance between lines. 

Intensity. 

<^hU- 

cm. 



15957 

v.w. 

3*301 

15*()42 

w. 

2*977 

•15-159 

in. 


15*052 

w. 

2*512 

14-953 

w. 

2-212 

14*520 

s. 

2*212 

14-249 

v.w. 

2*085 

14*005 

in. 

2*006 

*14-023 

m. 


*12*846 

w. 


12*603 

w. 

1*567 

12*426 

w. 

1*526 

11*870 

w. 

1*279 

11*710 

w. 

1*393 

11*546 

w. 

1*359 

11*375 

w. 

1*334 

11 019 

in.s. 

1*279 

*10879 

n». 


10*375 

w. 

1*193 

10-0-23 

ni.w. 

M53 

*5 984 

in. 


8*442 

w. 

1*012 

8*139 

w. 

•991 

* NaOl lilies. 


more than 70 per cent., and^ after drying, it was compressed 
with the hand through fine-mesh cloth to remove the excess 
of mercury, an amalgam of composition ranging between 
30 and 35 per cent, of copper was obtained. When photo¬ 
graphs were taken of these pow^dered hardened amalgams, 
a large number of lines were visible and measurable on the 
films. 

The results from two of these amalgams are given in 
Tables VI. and VII. 
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A photograph was taken o£ the pure hardened amalgam, 
and then ot* a mixture of the amalgam and sodium chloride, 
the object of this being to check the amalgam lines on the 
film of the amalgam-sodium chloride mixture. 

The sodium-chloride lines were used, as before, to give an 
accurate measure of R, which was then employed in the 
determinations of dpui for the amalgam lines. 

Table VIII. 

Amalgam. 34 per cent. Copper ; 66 per cent. Mercury. 


Distance between lines. 

Intensity. 


hkl- 

10-153 

w. 


2-522 

14-953 

w. 


2-203 

14-530 

8. 


2-207 

14*269 

v.w. 


2-082 

14-073 

m.w. 


2-001 

*14-049 

ni.w. 



12-597 

w. 


l-c59 

12-443 

w. 


1-524 

11-890 

w. 


1-279 

11-744 

w. 


1-390 

11-551 

w. 


1-356 

11-370 

w. 


1-329 

11-033 

ra.s. 


1-279 

*10 894 

m. 



10-383 

w. 


1*193 

10 050 

m.w. 


1-153 

*10-012 

in. 



8-453 

w. 


1-011 


* ^JaOl lines. 




The diffraction pattern given by this amalgam did not fit 
exactly any of Hull’s plots (Phys. Rev. 1921, p. 17) for the 
simpler crystallographic systems, viz. the cubic tetragonal 
and hexagonal (including close-packed and rhombohedral). 

The best fit that can be obtained is for a simple tetragonal 
lattice with axial ratio *64. The first five lines fit exactly, 
and almost all the others except the “ 2*006 line. 

However, many more lines ought to be p>resent which are 
not visible on the films, so that the most that can be done is 
to suggest this as a possible structure. 
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Conclusion. 

It is evident that a change in structure occurs when the 
amalgam hardens ; until this takes place the amalgams 
appear to be merely mechanical mixtures of the two metals. 
When the amalgam hardens, a definite compound is formed 
of composition 30-35 per cent, copper, and this compound* is 
present all through the series of amalgams examined. Its 
structure cannot, however, at present be accurately deter¬ 
mined, and it is only suggested that the amalgam possesses 
a simple tetragonal lattice with axial ratio *64, and possibly 
of composition OusHg^. 

The Sir William Ramsay Laboratory 
of Physical and Inorganic Chemistry, 

University College, 

London. 
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April 18th, 1928,—Prof. J. W. G-iv.gory, D.Sc,, P.R.S., 
President, in the Chair. 

'JHE following communications were read :— 

1. ‘The Succession and Structure of the Borrowdale Volcanic 
Series in Troutbeck, Kentmere, and the Western Part of Long 
Sleddale (Westmorland).’ By George Hoole Mitchell, Ph.D., 
M.Sc., F.G.S. 

The area described lies in the eastern part of the Lake District 
south of the High Street range. It is drained by the Rivers 
Sprint, Kent, and Trout Beck, all of which flow in a southward 
direction. 

The rocks described belong to the Borrowdale Volcanic Series. 
The estimated thickness of such members of the series as are 
exposed is approximately 3700 feet, but nowhere is the base seen. 
They are overlaid unconformably by the Coniston Limestone 
Series. Nine subdivisions are recognized :— 

(i) Upper Rhyolites. 

(h) Upper Andesites. 

(g) Coarse tuffs. 

(/) Wrengill Andesites. 

(e) Kentmere Pike RhyoHtes. 

(d) Bedded tuffs, with andesite-ffows. 

(c) Harter Fell Andesites. 

(5) Froswick Tuffs, with rhyolite-flow. 

(a) Kan Bield Andesites. 
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There are also minor intrusions of rhyolite, quartz-porphyry, 
andesite, and lamprophyre. 

The lava-flows range in composition from rhyolites to augite- 
andesites. In most cases flow-brecciation is evident and marked, 
while many of the andesites are intensely vesicular. 

The tuffs, composed in the main of andesitic material, show in 
many deposits rhyolitic fragments in abundance, and range from 
very fine-grained and well-bedded examples to ill-assoi*ted agglo¬ 
merates. 

The rocks have been subjected to severe earth-movements. 
Two systems of folding are recognized, an earlier one of pre-Bala 
age and a later one of Devonian age. The former system, of 
simple character, shows axes trending in a north-north-easterly and 
south-south-westerly direction. In the latter the folding was 
intense, with an east-north-easterly and west-south-westerly strike, 
while the pitch of the folds was determined by the folds of pre- 
Bala date. The rocks are steeply folded in the south-east of the 
area, and the folds are even overturned to the north. North¬ 
wards the folding is less severe, and is marked by the presence of 
a broad anticlinal fold. 

No faulting of earlier date has been recognized, but several 
faults are referred to the Devonian system of earth-movements, 
while it is suggested that several north-and-south faults are of 
late-Carboniferous age. 

The rocks are strongly cleaved, the strike of the cleavage 
coinciding with that of the Devonian folding. 

2. ^ The Geology of the Marquesas Islands (Central Pacific). 

Lawrence John Chubb, M.Sc. 

The Marquesas Islands are situated in about 10"^ lat. S. and 
140^ long. W. With one doubtful exception all are of volcanic 
origin. The southernmost, Fatu Hiva, consists of a caldera com¬ 
posed chiefly of lava-flows, within which an ash-cone has been 
built up. The western half of the whole structure has disappeared, 
apparently owing to submergence by faulting. Motane is a 
small ash island. Tahuata is larger, and it also is composed chiefly 
of ashes in its northern part; its south-eastern side has been 
faulted down. In Hiva Oa there are three great cratei's in the 
western part, some of the coasts are faulted, and there is an 
elevated plateau at a height of 1300 to 1500 feet above sea-level, 
Nuka Hiva has a structure similar to that of Fatu Hiva, and it 
bears a plateau at an elevation of 2600 feet. 

A consideration of the directions of elongation of the islands, of 
the manner in which they are arranged, ©f the trends of the faulted 
coasts, and of the strikes of the dykes, leads to the conclusion that 
the group is situated, not on a crustal fold, but on a sj’^stem of 
intersecting fissures. 

The uplifted plateaux prove that elevation has occurred, but the 
embayment of the mouths of the streams that deeply dissect them 
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affords evidence of a later subsidence. All the islands are sur¬ 
rounded by a shore-shelf, now standing, owing to a recent fall in 
sea-levei, 3 or 4 feet above high-water mark. 

It is suggested that the poor development of coral-reefs in the 
group is due chiefly to periodic chilling of the water by extensions 
of the cold Peruvian Current, connected with cyclic climatic 
changes. 

May 23r(i, 1928.—Prof. J. W. Gregory, LL.D., D.Sc., F.P.S., 
President, in the Chair. 

Prof. P. G. H. Boswell, D.Sc., F.G.S., delivered a lecture on 
the Geological Features of the New Mersey Tunnel. 
He said that the recent ‘ holing-through ’ of the highway-tunnel 
under the Biver Mersey, by which connexion was established 
between Liverpool and Birkenhead, makes the present time 
appropriate for giving an account of the features of geological 
interest which were revealed. The tunnel will be the greatest 
subaqueous tunnel in existence. The predictions of T. Mellard 
Beade regarding the existence of a buried channel beneath the 
Biver Mersey, and of G. H. Morton of a sub-Mersey fault, were 
verified in the driving of the Mersey Bailway-Tunnel some fifty 
years ago. Subsequent records by local geologists have enabled 
greater precision to be given to the inferences, and the geological 
observations made during the operations now proceeding are, in 
the main, in accord with expectation. 

The subaqueous portion of the tunnel (44 feet in diameter) and 
the two Birkenhead approach-tunnels lie in the Middle Bunter 
Sandstone (‘ Pebble-Beds’), which dips eastwards at about 3° to 5°. 
A fault-S 3 "stem, apparently of small aggregate throw, was met with 
at about 1828 to 1870 feet from the Liverpool shaft. The hade 
was eastwards, whereas in the case of the sub-river fault in the 
Merse}" Bailway-Tunnel it was westwards. On the Liverpool side, 
the presence of the ‘ Castle Street Fault which throws down the 
Upper (Soft) Bunter Sandstone on the east, was confirmed. At 
the Old Ha 3 "market entrance another north-north-w"est and south- 
south-east fault throws eastwards, and brings Lower Keuper 
Sandstone into contact wdth Upper Bunter. 

From observations in the area of the docks and the environs of 
Liverpool, and the numerous exploratory borings carried out in 
connexion with the tunnel-works, it has been possible to construct 
exceptionally accurate profiles of the system of buried channels. 
They appear to be of subglacial origin, and do not deepen sea¬ 
wards ; they are filled with gravel and sand, overlaid by boulder- 
clay. In place of the single channel found in the Mersey Bailway 
excavations, two (or more) feeding-channels occur farther north. 

Interesting, and at present unexplained, features have been 
observed in the levels of undergi'ound water. As would be ex¬ 
pected, the fresh-water table rides on the back of the salt-water 
table in the neighbourhood of the Mersey estuary. 
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June 13th, 1928.—^Prof. J. W. Gregory, LL.D., D.Sc., F.E.S., 
President, in the Clmir. 

The following communications were read:— 

1. ‘A Re-Excavated Cretaceous Valley on the Mongolian 
Border.’ By Prof, George Brown Barbour, M.A., Ph.D., F.R.S.E., 
P.G.S. 

The paper traces the history of successive infillings and renewed 
erosion of a buried Cretaceous valley 600 feet deep, discovered by 
the author in the course of a survey of the Kalgan district, on the 
Chinese—Mongolian border. The valley, originally cut in pre- 
Cretaceous lavas, was completely filled by the Nantienmen Beds, 
levelled off by erosion, and entirely covered by a heavy capping of 
plateau-basalts. 

During late Pliocene times a stream followed part of this old 
Mesozoic valley-axis before striking off at an angle. The valley- 
bottom was again filled up by wind-blown loess in mid-Pleistocene 
times, again partly excavated in late Pleistocene, and once more 
filled with very late Pleistocene or early recent gravels. At 
present, the course is being opened for the fourth time. The 
Cretaceous-valley deposit (Kantienmen Beds) has been left 
clinging to the side-walls in many places, so that it has been 
possible to trace the old landscape and to compare this with 
the present topography. 

2. The Volcanic Complex of Calton Hill (Derbyshire).’ By 
Sergei Ivanovich Tomkeieff, F.G.S. 

The volcanic complex of Calton Hill shows two phases of 
vulcanicity:— 

(i) Effusive phase—represented by, besides the agglomerate 
and tuff of the old volcanic cone, a highly decomposed lava. 
Petrologically and chemically it is comparable with the other 
contemporaneous Lower Carboniferous lavas of the district. 
The vesicles are filled up with a chlorite of delessite type. 

(ii) Intrusive phase—represented by a fresh analcite-basalt, 
which has intruded into the old volcanic chimney and spread 
amoeba-like in the volcanic cone, detaching large masses of vesi¬ 
cular lava. Besides abundant analcite, mostly in the form of 
spheroids, the basalt contains numerous inclusions of peridotite. 
These inclusions, apparently represent shattered fragments of a pre¬ 
existing rock, and contain, besides the normal pyroxene, a definite 
hydrous augite. 


\The Editors do not hold themselves responsible for the 
views expressed by their correspondents^] 
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1. V I ^HE method o£ investigating the attachment of elec- 
X. trons to gas molecules which was described in a 
previous communication t has now been applied to the gases 
air t> hydrogen chloride t and ammonia 

The seemingly anomalous behaviour of electrons in the 
last gas and the consequent desirability of using an alterna¬ 
tive method of study, provided an inducement for designing 
and constructing an instrument in which the length c of 
each of the two diffusion chambers can be varied without 
affecting the pressure and purity of the gas contained in the 
instrument. 

As will be seen, this elaboration of the original instru¬ 
ment in which c was fixed, enables a notably simpler 
procedure to be followed in deducing the circumstances of 
the electrons^ behaviour from the observations. 

2. Description of the Instrument, 

Most of the important features of the new instrument arc 
represented in fig. 1, but for the sake of clearness in the 

* Communicated by Prof. J. S. Townsend, F.R.S. 

I V. A. Bailey, Phil. Mag., Oct, 1925, p. 825. 

X V. A. Bailey & A. J. Higgs, communicated to Phil. Mag. in July 
1928. 

Phil. Mag. S. 7. Vol. 6. No. 40. Dee. 1928. 4 A 
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•diagram they are not all shown in their exact relative 
positions; the conducting parts are of either brass or 
phosphor-bronze, and the insulators of quartz or glass. 


Fig. 1, 



The plate B supports a glass cylinder C, insulated current 
leads like X and Y, and a disk A. Three parallel and 
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•equidistant pillars, such as P, are fixed to the disks A 
and D, and to the ring Rg by means of insulating systems 
like I. 

Each pillar is fitted with brass bushes b^ and 63 , which 
enable the attached rings Rj and R 3 to be moved vertically 
and not otherwise, R 3 being insulated from b^. A‘Mazy- 
tongs” system Lis attached to each pillar by means of the 
pins 3, and 5, which screw into fci, ^ 3 , and I respectively, 
these tongs carrying the rings R2 and R4 through pins 2 and 
4 and tubular glass insulators. The bushes b^ are also 
soldered to a plate K, shaped like an equiangular letter Y, 
which can be moved vertically by means of the rotation of a 
nut N acting* on the rod H. This nut is turned by means of 
the shaft Sh throuiih the gear-wheels shown, the shaft being 
engaged with a rod passing through the air-tight bearing F. 

In this way the variable distances between the rings Rj, 
Rg, R 3 , R 4 , and R 5 are kept accurately equal. 

Each of the electrodes E, and E 3 is supported and insu¬ 
lated from its ring R by three small quartz tubes, and each 
IS connected to a rod ^ by a spiral spring of phosphor- 
bronze, its ring being connected to the corresponding guard¬ 
ring r. 

The electrode EqIs supported through insulators of tubular 
quartz by the ring Rq, which in turn is insulated and 
supported from K. 

A plate T rests upon 0 and carries four insulated leads 
Q, the quartz window W, the gas inlet-tube t^ and the 
bearing F. 

B}’' suitably connecting the rings R and the gauze G to a 
battery of cells, a uniform electric field may be set up 
throughout the space between G and Eq. The potential of 
T is adjusted so that an adequate stream of electrons passes 
through G towards the diffusion chambers, when ultra-violet 
light falls on the lower surface of the gold plate fixed to J. 
This light comes from a spark S through the window AV, 
and is reflected on to J hy the gold-plated annular spherical 
mirror M. 

To reduce disturbance of the uniformity of the electric 
field by contact potentials, all the essential electrodes are 
gold-plated and polished. 

The slits in Eg, E 3 , and Ei are respectively 1’5, 6 * 2 , and 
7*2 cm. long, and 4, 4*2, and 4’2 mm. wide. They were 
designed all to be 4 mm, wide, but the above errors in 
construction did not cause difficulty in the use of the 
instrument on account of the procedure followed with 
the experiments. 


4 A 2 
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3. Theory of the New Method, 

For the sake of convenience the relations established 
previously * are summarized here with the following^ 
notation :— 


€ = distance between successive slits, in cm. 
p = pressure of gas, in mm. of mercury. 

Z = electric intensity, in volts/cm. 

51 = fraction of the stream approaching which passes 

through its slit. 

5 2 = corresponding fraction for Ei (S may be termed the 

distribution-ratio for its ditfusion chamber). 

R = the distribution-ratio with negative ions for either 
difEusion chamber. 


k = mean energy of agitation of an electron in terms of 
the mean energy of agitation of a molecule at 15° C. 

a = probability of attachment, of an electron to a molecule, 
per unit length of its motion in the direction of the 
field. 


With the quantities c, jt?, and Z adjusted to known values, 
the ratios Si and S 2 are determined by measuring the mutual 
ratios of the currents I'o, h, and 4 which arrive on Eq, Ei, 
and E 3 respectively. The normal distribution-ratio R can 
be determined as a known function of Z/c, either by calcu¬ 
lation t or by experiments with pure hydrogen in the 
instrument; this function is represented by the curve in 

fig. 2 . 

Si and S 2 depend on three unknown quantities : a, and 

the electronic composition of the stream passing through the 
first slit; but the derived quantity 



is independent of the last factor, and can be expressed as a 
known function of k and «, namely: 

a = .( 1 )> 

To obtain another relation between k and a, the quantities 


* Loc. cit, 

t R = erf (v)—(1 — 

where v = 1*34 ^Tijhcj and A; = 1 for ions* 
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p, and Z are altered by the same factor n to the ralues 
nc, njt>, and nZ respectively, and the quantity On is deter¬ 
mined experimentally as before. This gives 

a» = Tl(nZ/A.nc)^*“"®*”% 
sinceJA and depend only on the ratio Z/^, 

an^n{Zlkc)e-^-^ .( 2 ) 

From the simultaneous equations (1) and (2) we obtain 

(n* —l)ac = loge(a/a»), 

1 

R(Z/Ac) = 

Fig. 2. 



The first of these gives the value of a, and the second, in 
combination with the curve in fig. 2, enables k to be 
determined. 

But the following graphical method is to be preferred, for 
it supplies both a test of the theory and more accurate values 
of k and a. 

Equation (2) may be expressed in the form : 

y — (ac/2*3)^ + (1 + logio R(Z/A:c)), 

where 

^ = n* and y =: 1 + logio an. 

So, if the values of y are determined experimentally for 
three or more values of a?, and the points y) are plotted. 
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these should lie on a straight line whose slope gives ac/2’3^ 
and whose intercept on the^-axis gives 1 + logio R{Z/Ac), as 
illustrated in fig. 3. 

When many determinations are to be made, it is convenient 
to evaluate k by the help of a curve derived from fig. 2, whose 
abscissae represent Ztjkc and ordinates l-hlogioR(Z/^c). 

4. Experiments with H 2 . 

As a test of the instrument, pure H 2 gas was introduced 
up to various pressures, and with different intensities the 
ratios Sj and S 2 were obtained; these ratios correspond to- 


Fig. 3. 



known values of Z/Ac since k is now well established * for 
Hg, so a comparison with the theoretical values of R obtained 
from fig. 2 is made in the last three columns of Table I. 

In general there is good agreement betw^een the values of 
Si, S 2 , and R for the same value of Z/kc, the small differences 
being due partly to errors in construction of the instrument 
and to the fact that in the calculation of R it is difficult to 
determine the effect of diffusion to the edges of the slits, 
which may be appreciable with widely-spreading streams. 

Si is consistently from 2 to 3 per cent, less than S 2 , so the 
simple theory of the last section requires to be modified as 
follows:—To each diffusion chamber corresponds a different 


* .T. S. Townsend and V. A. Bailey, Phil, Mag, xlii. (Dec. 1921). 
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normal distribution-ratio—R' for the upper, and R'' for the 
lower one. The quantity a is then given by 



and, in equations (1) and ( 2 ), R is replaced by R^'. 

The numbers in the last three columns of Table I. show 
that for values of Tilkc greater than 0'75 the best values to 
adopt for R' are those given in the column under R, and for 
R'^ the values of 1*02 R. 


Table I. 


c. 

P- 

Z. 

zip. 

Z/kc, 

Si. 

s,. 

R. 

em. 

mm. 

volts/cm. 






4 

2 

10 

5 

•096 

•197 

•201 

•228 

4 

4 

10 

2*6 

•146 

•252 

•258 

•277 

4 

8 

10 

1*25 

•225 

•319 

•330 

•336 

4 

8 

20 

2*5 

•292 

•359 

•367 

•377 

4 

16 

20 

1-25 

•45 

•434 

•447 

•448 

4 

32 

20 

•625 

•75 

•540 

•548 

•541 

4 

64 

40 

•625 

1-537 

•666 

•689 

•665 

4 

128 

40 

•312 

2*8 

•758 

•780 

•750 

2 

4 

10 

2-5 

•292 

•345 

•353 

'377 

2 

8 

20 

2-5 

•585 

•477 

•486 

•495 

2 

16 

20 

1-25 

•90 

•567 

•571 

•574 

2 

32 

20 

•625 

P50 

•662 

•672 

•660 


6 . Eorperiments with NHg. 

The gas was generated by heating a mixture of pure 
NH 4 CI and (JaO in an evacuated flask to a temperature not 
exceeding 200 ° C., and, after passing through a long tube 
packed with caustic potash, it was admitted to a freezing- 
trap, which was cooled to about — 78°C. by a mixture of 
carbon dioxide snow and ether. 

When about 4 litres had been so condensed, the freezing 
mixture was removed and part of the gas allowed to evaporate 
into a second trap, where it was similarly condensed. With¬ 
out removing the freezing mixture the gas was then trans¬ 
ferred by means of a mercury column pump to two flasks. 
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each of which contained a small quantity of anhydrous PsOs, 
as supplied by Merck and Kahlbaum respectively. 

A little later some liquid air was obtained, and this made 
possible a more efEective fractional distillation of the re¬ 
maining gas at lower temperatures. With this latter the 
pressure in the above two flasks was raised from 300 to 
700 mm., and a third completely empty flask filled up to 
700 mm. In order to obtain some information about the 
effect of the PgOs on the gas in the first two, no drjang agent 
was placed in the last flask. 



Daring the first day there was a notable absorption of gas 
by the P 2 O 5 , but the rate soon became small, and sufficient 
gas was left at the end of seven days to make all the 
observations required. 

When the dry gas was admitted to the mercury gauges 
and diffusion instrument, it was found that the former were 
chiefly responsible for the loss of gas by adsorption, so the 
tap between the gauges and the instrument was turned off 
immediately after adjusting the gas-pressure, and after 
the observations the loss of gas in the gauges was restored 
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before this tap was turned ugain to verify that the gas in the 
instrument had not appreciably changed in pressure. 

The first observations were made on a sample of gas from 
the flask which contained no drying agent, and as these were 
in substantial agreement with the results obtained for samples 
of jKTHs from the two flasks which contained P 2 O 55 the bulk of 
the work was carried out with the latter. 

In general the electric intensity between the gauze G 
and the source of electrons J was kept approximately equal 
to the intensity Z of the uniform field extending between Gr 


Fig. 4 h. 



accurate measurements to be made. The possibility of this 
practice causing an error was examined by making obser¬ 
vations with values of Z^ varying over a range so wide that 
the currents to the electrodes increased by a factor of about 
ten ; c, and Z being kept unaltered. 

The ratios S 3 and S 2 varied with Z^, but the quantity a 
calculated from their values remained constant within the 
limits of experimental error, which result is in agreement 
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with the theory, and also renders valid the method o£ securing 
convenient currents by variation o£ Z^. 

With the three variables and Z there are several ways- 
of carrying out the work so as to apply the method described 
in Section 3, but the following plan was found to be the 
most convenient in practice :— 

With the electric intensity Z and the chamber length c 
kept constant the pressure p was varied, and at the values 
8 , 10, 11’3, 14'1, 16, and 32 of the ratio Z/p the values of 
and Sg were determined and plotted against Z//?, as shown^ 


Fig. 4 c. 



in fig. 4 a, which corresponds to Z = 8 and 6* = 2. Similar 
curves are obtained with Z and c both increased by a factor 
n, as shown in figs. 4 6 and 4c, which correspond respectively 
to the factors V2 and 2. 

Since Z/c for all the observations has the same value 4, to 
which correspond R' = ’790 and R"“’810 (from fig. 2), the 
values of an are given by 

/• 810 ^S,x 
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The numbers calculated in this way are represented by the 
lowest curve in figs. 4 a, 4 6, and 4 c. 

It is evident from the curves for S that in the neighbour¬ 
hood of the value 8 of Z/p there are very few ions present, 
and also that k must be increasing rapidly between the 
values 8 and 10. On the other hand, the striking increase of 
Sg, and the large separation of the 8-curves between the 


Figf. 5. 



values 10 and 16 of Z/p indicate a rapidly increasing pro¬ 
portion of ions in the currents. For any given value of T^lp 
greater than 10 the curves for Sg, Si, and a become further 
separated as n varies from 1 to 2, which is in accord with the 
conclusion that u increases wdth p if Z/p remains constant. 

These inferences by inspection are completely confirmed 
by the quantitative determinations of k and a given below. 

The values 1 + logioan, obtained from the curves for a„, are 
represented by curves in fig. 5, which thus correspond to 
Z/(?=4. 
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In order to provide a further test of the reliability of these 
methods, another complele series of observations was obtained 
corresponding to Z/c = 8 ; that is, curves were obtained similar 
to those shown in figs. 4 a, 4/>, and 4 c, but with the values 
of Z fixed at 16, 22*6, and 32, and with pressures of the gas 
which were twice as large. To save space these are not 
given, but the corresponding curves for 1 + logioan are shown 
in fig. 6. 

With the help of the curves in fig. 5 (or fig. 6) the 
graphical method given in section 3, and illustrated by 
fig. 3, was now applied to the determination of the values of 
h and a corresponding to sets of experiments, the process 
being shown in fig. 7. 


Big. 7. 



As an actual example we may consider the determinations 
for Z/p = 12 with Z/<?=4. From fig. 5, corresponding to 
Z/^ = 12, the values of l + logioa„ are 3*40, 3‘08, and 2 55 
foi- n=l, v'2, and 2 respectively. As shown in fig. 7, 
points are plotted with these for ordinates, and n^ = l, 2, and 
4 respectively for abscissae, and the straight line marked 
“ Z/p=:12 ” is then drawn to lie evenly between the plotted 
points. 

Since the slope of the line is ’0282, and c has the value 2, 
« must be given by 2 3 X -0282/2 ; that is, «is equal to *0324; 
the value of p being 2 x 4/12, therefore «/p=-0486. 

The line cuts the vertical axis at -367, which must then be 
the value of 1 + logioE.(Z/ic). This gives -233 for B,(Z/A:c), 
and thus with the assistance of fig. 2, k is found to be 40. 
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The values o£ k and ot/p so determined are represented by 
curves in figs. 8 and 9. In each diagram there is good 
agreement between the curves obtained under the different 
conditions represented by the ratios Z/c, despite the facts 
which are now disclosed : that k and «//:> change very rapidly 
wdth Z/p in the region under examination. This agreement, 
and the collinearity displayed in fig. 7 between the three 
points in each set, may be regarded as experimental con¬ 
firmation of the theory in section which is now seen to bo 
applicable to NH 3 up to Z/p=16. 

Fig. 8. 
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The effect of calculating the values of k by means of the 
distribution-ratios obtained with H 2 (section 4), instead of 
calculating by the curve in fig. 2 , was to lessen the concord¬ 
ance between the upper parts of the two curves for k^ but 
the results are not substantially different from those shown 
in fig. 8 . The values of a, however, depend only on the 
upper parts of the distribution curves (Zlkc>'75)^ which 
agree well with the ratios obtained with Hg. 

For Zip ^32 there is some discordance between the results 
determined with the two different values of Zfc, The present 
theory may commence to become inapplicable to NH 3 in this 
region on account of the effects of ionization by collision of 
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electrons with molecules, which are known to become appre- 
•ciable in some gases under similar conditions; for example, 
in H 2 O the current would increase by about 5 per cent, 
between successive slits u itli this value of Z/p and a pressure 
of 1 mm. So no deductions are made from the observations 
with Z/p = 32. 

5. Conclusions. 

The probability h of attachment at a collision may be 
-estimated by means of the formula * 

7i^llL\cclp)(Zfp)lk 
Fig. 9. 



if the mean free path L, of an electron at 1 mm. pressure of 
^as, be deduced from measurements of the viscosity of NH 3 . 
Accordingly, from Roth and ScheeFs‘ Konstantea der Atom- 
physik,’L = 2 x 10 '"^ cm. ; and since from figs. 8 and 9 with 
Z/p=12, ^==43, and a//)=*045, 

A = 5xl0'*'^ when i = 43 * 

This method, however, is not a reliable one by which to 
examine the dependence of 1i on the energy k of the electron. 


* Deduced from the relations a=Aw/lW and W=‘815 Z^lJmu, 
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as it is known that L itself may vary considerably with h ; 
fio the following argument is to be preferred :— 

If E denote the energy (in volts) lost by an electron at a 
collision with a molecule, then for a given gas E is a function 
of k alone. The number v of collisions made by an electron 
which travels 1 centimetre along the direction of the electric 
field, in the steady state of motion, is such that the work Z 
(volts) done by the field is equal to the energy lost in these 
collisions. 

vE=Z. 


Fig. 10. 



The probability of attachment in this distance is represented 
by oL and also by vh. 


/</E = a/Z = {ajp) lililp). 

The values of 7i/E for different values of k may then be 
determined from the curves in figs. 8 and 9, and represented 
by a curve as in fig. 10. 

^This shows that as k increases^from 5'5 to 64 the ratio A/E 
also steadily increases from *6 x 10“^ to 8*1 X 10"®, i. e. by a 
factor of about 14. 
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It is easy to show that * 

E = 7xl0-^^W^volts 

where W is the velocity of the stream of electrons in the 
direction of Z; and as none of the many experiments made to 
date in different gases t has revealed an instance where W 
decreases as h increases, it may be concluded generally that 
E never diminishes as k increases $. It then follows that in 
NH 3 h increases by a factor not smaller than 14 when k 
varies from 5’5 to 64. 

Some information concerning the variation of the mean 
free path L may be obtained in a similar way from a curve 
whose ordinates represent L^E, since it is easy to deduce 
from the above expressions for h and A/E that 

L 2 /E = A/ 11 {Z/Jt>)^ 

and so to determine this curve (fig. 10 ) by means of fig. 8 . 

This curve indicates that, as A increases from 5*5 to 45, the 
ratio LVE increases from 2-34 to and as E is not 
diminishing, it follows that J? increases in this range by a 
factor of at least 3’5. 

The conclusion that 7i may vary considerably with k in 
NH 3 and in air § makes it certain that the method used by 
L. B. Loeb |1 and H. B. Wahlin is liable in general to give 
erroneous results, for it depends on the assumption that h is 
a constant characteristic of the gas alone. There are other 
weaknesses in this method, some of which have already been 
pointed out T[, so in referring to the table on p. 513 of his 
book^ in which are given the values of 7 i( = l//i) obtained 
with this method, he states : It is questionable whether the 
values are accurate in more than order of magnitude. They 
do differ, however, so widely in order of magnitude that even 
these crude early results give a good idea of Further 

on he adds : While these results are not of more than 
qualitative value. . . 

We are inclined to doubt whether they even give a good 
idea of on comparing Wahlin^s value lO""® for A in NH 3 
with our lowest value, which is about 2 x 10 ~®; these are by 

* J. S. Townsend and V. A. Bailey, Phil. Mag., Nov. 1922, p. 1045. 

t Ha, Oa, Na, He, A, Ne, CO, COa, NO, NaO, CaH^, CsHxa. 

J The experiments of Townsend and Glasson, which might indicate 
the contrary, correspond to very different conditions, where the energies 
cause intense ionization by colliiions, 

§ V. A. Bailey, Zoc. dt. 

II L. B. Loeb, ^ Kinetic Theory of Gases,’ p. 510. 

^ V. A. Bailey, Phil. Mag., July 1923, 



108 ^ 


on the Capture of Electrons by Molecules. 

no nieiins of the same order of magnitude. To explain this^ 
discrepancy by assuming that our gas contained more of 
potent impurities than his, requires that ours should have 
contained a proportion of these at least 1000 times greater 
than did Wahlin’s ; there is, however, no reason to suppose 
that our samples of NH 3 were less pure than his. On the 
other hand, if it be argued that the disagreement is attribu¬ 
table to the difference in the energies of the electrons, then 
it has to be admitted that when the mean velocity of the 
electrons changes from 1*1 x 10^ to about 2*6 X 10^ cm./sec.,^ 
the probability of attachment h increases by a factor of at 
least 1000 ; a change of such magnitude cannot be ignored^ 
even if only “ qualitative results are sought. Since Loeb 
admits (p. 513) the greater reliability of the methods we 
have used, it would appear that the results obtained with his 
method, and set out in his table, may be quite misleading. 

E. M. Wellish * has expressed the view that an electron 
cannot effect a permanent union with an uncharged molecule 
to form a negative ion unless the relative velocity at collision 
exceed a critical value characteristic of the molecule con¬ 
cerned. ... It is probable that the circumstances of an 
encounter as well as the relative velocity will determine the 
effectiveness of a collision so that only a fraction of these 
impacts will result in the formation of ions.’’ 

We are unable to see the necessity for his assumption of a 
minimum critical velocity, for the experimental facts he 
adduced in support of it can be understood from our point of 
view without requiring any additional hypothesis. 

The NH 4 CI and CaO used was very kindly prepared for 
us by Mr. G. J. Burrows, of the Department of Chemistry. 

We are also much indebted to the Colonial Sugar Refining 
Co., Ltd., for the supply of carbon-dioxide snow, and to the 
Commonwealth Oxygen & Accessories Co., Ltd., for the 
supply of liquid air, both without cost to the University. 

It is to be hoped that their example will find imitators in 
Australia, where the policy adopted with striking success by 
the industries of other countries, of assisting research in 
pure and applied science, is still somewhat disregarded. 

In conclusion we desire to record our appreciation of the 
skill and resource shown by Messrs. G. C. Barnes and 
H. Taylor in the construction of the apparatus used in this 
work. 


* E. M. Wellish, Am. Journ. Sci. xliv. p. 26 (July 1917). 
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evil. Spark Ignition. By E. Taylor Jon5S, I).Sc.^ 
Professor of Natural Philosophy in the University of 
Glasgow 

[Plates XXI. & XXII.] 

T he substance of the following communication was 
contained in a lecture to Section A of the British 
Association at Glasgow on September 10th, 1928. The 
chief topics discussed are the nature of the action of an 
electric spark in producing ignition of an inflammable 
gaseous mixture, and the conditions which determine 
whether a spark will or will not ignite a given mixture. 

One of the earliest experimental results published on this 
subject was the observation by Thornton f that the heat 
dissipated in a spark just sufficient to cause ignition is less 
if the spark is produced by the discharge of a condenser 
than if it is produced (as in low tension or inductance 
sparks) by separating the electrodes from contact so as to 
interrupt a current in an inductive circuit. An explanation 
of this result, based on the view that spark ignition depends 
upon the volume of the gas which the spark can by its own 
heat raise to the ignition temperature was suggested by 
Taylor Jones, Morgan, and Wheeler §. A condenser spark 
of very short length between metal points being regarded as 
an instantaneous point source of heat in a uniform medium, 
the temperature 6 in its neighbourhood is represented by 
Eourier^s expression 

8c(7rA:/)3/2’ 

* Communicated by the Author, 
t Phil. Mag., November 1914. 

+ See Wheeler, Trans. Chem. Soc. cxvii. p. 908 (1920) ,* also the ‘ Third 
Keport of the Explosions in Mines Committee of the Home Oflice,’ 1913. 
The argument for this view may be stated as follows :—If we suppose 
that a small spherical volume of the gas is heated by the sparh to the 
ignition temperature, the gas within this volume is burnt, and its tem¬ 
perature is raised further by the heat resulting from the chemical action. 
At the surface of the sphere there will, therefore, be a large temperature 
gradient and rapid loss of heat by conduction. The rate of cooling of the 
sphere due to this cause is proportional to the ratio of its surface to its 
volume, and is very great if the sphere is very small. Consequentl}'^ 
the small flame started in the sphere will soon become extinguished 
by the conduction from its surface, and will therefore fail to spread 
throughout the gas, unless the volume of the sphere exceeds a certain 
minimum value. 

§ Phil. Mag., February 1922. 
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in which Q is the quantity of heat dissipated in the spark, 
Hs the thermometric conductivity, and c the thermal capacity 
per unit volume of the gas (supposed uniform), r is the 
distance from the source, and t is the time after the moment 
at which the heat is communicated. If an inductance spark 
be regarded as a source in which the heat is supplied to the 
gas at a uniform rate over an interval of time T, the tem¬ 
perature distribution may be deduced from (1) by integration. 
In the paper cited the results of numerical calculations based 
upon (1) were given, which showed that in the case con¬ 
sidered the volume of the spherical portion of the gas, the 
boundarj^ of which was just raised to a certain temperature, 
was greater in the case of the instantaneous source than in 
that of a source in which the heat supply was continued at a 
uniform rate for a finite interval of time, the total heat 
supplied being the same in both cases*. 

The general proof that this result holds also for a point 
source in which the heat Q is supplied over a finite interval 
of time, whether uniformly or not, may be arrived at in the 
following manner :—In fig, 1 let curve A f represent the 
form of the temperature wave (0, t) at any distance r from 
an instantaneous point source. The temperature at this 
distance rises rapidly to a maximum and falls more slowly 
from it. The maximum temperature is attained at the time 
i = r76A, and is higher the shorter the distance r from the 
source, being, in fact, inversely proportional to the cube of 
the distance from the source, as may be seen by substituting 
this value for t in (1). 

If we now suppose that the heat Q is communicated in 
two equal parts at an interval of time T (represented in fig. 1 
by 0*005 sec.), the temperature at the same distance is given 
by the sum of the ordinates of the two curves B and C, each 
of which has one-half the amplitude of A. The maximum 
in the resultant curve occurs at a time shortly before the 
maximum of the second component, and it is evident that the 
resultant maximum is smaller than the sum of the maxima 
of the two components, and therefore than the maximum of 

♦ Coward and Meiter have recently (Joum. Amer. Chem. Soc. xlix. 
p. 396, 1927) determined experimentally the least volume which must be 
heated, by a coodenser spark in a methane-air mixture, to the ignition 
temperature in order to ensure general inflammation, and found that the 
volume is of the same order of magnitude as that calculated from the 
expression (1). 

f Curve A in fig. 1 is calculated from the expression (1) with 
Q=0‘001 calorie, r=0*0604 cm., ^=0*2188, c=0*00032. The maximum 
temperature is 1044° C. at ^ = 0 002779 second. 

4 B 2 
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the original curve A. The resultant maximum also evidently 
diminishes as the interval of time between the two com¬ 
ponents increases. We may conclude that the result of 
dividing the heat supplied into two equal instalments 
separated by any finite interval of time is to lower the 
maximum temperature at any given point in the neighbour¬ 
hood. Similar considerations show that the same result 
holds if the two instalments are unequal, also if the heat is 
divided into three or more instalments, equal or unequal,. 


Fig. 1. 



supplied at equal or unequal intervals of time. The limiting 
case of a continued source, i. e., a very large number of 
infinitesimal instalments following one another at infinitely 
short intervals of time, is also included. Curve D in fig. 1 
shows a portion of the temperature wave at the same distance 
from a point source of the same total heat, but in which the 
heat supply is continued uniformly for 0*005 second. 

The general result may be stated as follows :—If a given 
quantity of heat is supplied at a point of a uniform con¬ 
ducting medium in any manner during a finite interval of 
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time, the maximum temperature at any neighbouring point 
is lower than it would have been if the heat had been supplied 
all at the same instant. 

By considering the distance from the source at which the 
temperature just rises to a given value, instead of the 
maximum temperature at a given distance, we arrive at the 
following corollary to the above theorem :—If a given 
quantity of heat is supplied at a point of a uniform con¬ 
ducting medium in any manner during a finite interval of 
time, the volume of the medium, the boundary of which is 
just raised to any given temperature, is smaller than it would 
have been if the heat had been supplied all at the same 
instant. This follows from the theorem and the result, pre¬ 
viously stated, that for instantaneous sources the maximum 
temperature diminishes with increasing distance from the 
source. 

The introduction of “volume^’ instead of distance'’ in 
the corollary follows from the assumed uniformity of flow of 
heat in all directions. Since, however, the proof of the 
theorem does not depend upon the precise form of curve A 
in fig. 1, the theorem and its corollary are applicable to the 
case of a point source in a conducting medium between 
t^yo plane parallel non-conducting walls at a short distai\ce 
apart, or to that of a point source in a thin column of con¬ 
ducting material bounded laterally by non-conductors. If 
in these cases the bounding walls were made conducting 
some of the heat would enter the walls and would thus be 
lost to the medium between them^ but since there seems to 
be no reason for supposing that the medium would lose more 
heat in this way with the instantaneous source than with the 
divided or continuous source, we may assume the theorem 
and its corollary to hold also in this case. 

The magnitude of the effect of the duration of the heat 
supply is illustrated by the curves in fig. 2, in which the 
ordinate represents the volume of gas, the boundary of which 
is just raised to a definite temperature by a point source of 
heat continued at a uniform rate for a time T represented by 
the abscissa. The volumes are calculated, from the integral 
of the expression (1)''^, for four temperatures (within the 
range of the ignition temperatures of methane-air mixtures), 
the values assumed for the constants being those given in the 
second footnote on p. 1091. It will be seen that the volume 
is greatest for an instantaneous source (T = 0), and that it 
diminishes steadily as the duration of the heat supply is 


* See Phil. Mag. p, 364, February 1922. 
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increased. The same holds when the heat supply, instead 
of being continued uniformly for time T, is divided into a 
given number of equal instalments supplied at equal intervals 
over this time. It is the increase in the total duration of the 
heat supply, rather than an increase in the number of instal¬ 
ments, which causes the reduction in the volume raised to the 
given temperature. An increase in the number of instal¬ 
ments (supposed equal and equally spaced in time), without 
increase in the total duration, has the opposite effect. 

According to the hypothesis that ignition depends upon the 
volume of the gas which is raised to the ignition temperature, 
it follows from the corollary stated above that an instanta¬ 
neous point source of heat is more effective in ignition than 


Fig. 2. 



a point source in which the heat is supplied in any manner 
(continuous or discontinuous) over a finite interval of time. 

Experimentally it is easy to produce sources of approxi¬ 
mately the same total heat, but having different time 
distributions, by connecting a condenser of variable capacity 
to the electrodes of a spark-gap connected v/ith the secondary 
of an induction coil fed with a primary current u hich has a 
constant value at the moment of break. With a large value 
of the secondary capacity u single spark is obtained, and as 
the capacity is diminished the discharge produced by each 
interruption of the primary current divides into two, three, 
or more sparks. When the secondary condenser is discon¬ 
nected we have the ordinary induction coil discharge 
consisting of a preliminary spark followed by a continuous 
but pulsating and decaying arc. 
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In fig. 3 (PI. XXI.) are shown six induction coil spark 
discharges produced in this way, between the ends of two 
wires at a very short distant apart, and photographed with 
the aid of a rotating mirror. That the energy dissipated in 
the six discharges was approximately the same is a conse¬ 
quence of the fact that the primary current at break, and 
therefore the energy supplied to the system, was the same 
in all. Calorimeter measurements of the heat of the sparks 
in such experiments also show that it is practically inde¬ 
pendent of the secondary capacitj^ *. 

An experiment described by Morgan f shows that the 
elFectiveness of a magneto spark in ignition increases with 
the capacity of a condenser connected with the spark-gap 
electrodes. This result is in agreement with the theoretical 
views described above, since the total duration of the 
discharge in general diminishes as the secondary capacity is 
increased (see fig. 3, PI. XXI.). 

A simple form of explosion vessel which the present writer 
has found suitable for illustrative experiments on spark 
ignition consists of a strong glass tube of uniform bore,, 
about 16 inches long and 1^ inches internal diameter, slightly 
constricted at the upper end in order to hold firmly a plug 
of insulating material which closes the tube at this end and 
carries a gas inlet-tube and the electrodes of an adjustable 
spark-gap, A piston of felt, movable easily in the glass 
cylinder, is fitted to the end of a long brass tube of ^ in. 
diameter which acts as air inlet. The glass cylinder is fixed 
firmly in a vertical position, the brass tube passing through 
a guide about 2 inches below the lower end of the cylinder. 
The upper surface of the guide also acts as a buffer from 
which the piston rebounds after the explosion. A scale of 
inches runs along the length of the cylinder, to measure the 
air introduced, the uppermost inch being divided into tenths 
for the measurement of the volume of gas admitted 
A magneto (or an induction coil) and a condenser connected 
with the spark electrodes complete the apparatus. The 
piston is first set at a suitable mark near the top of the 
cylinder, gas is admitted for a short time and is then cut off 

* A form of calorimeter suitable for comparative measurements of the 
heat of sparks consists of a gas thermometer the bulb of which contains 
the spark-gap. The deflexion of the liquid column produced by a series 
of sparks, and measured from the zero observed after sparking has ceased, 
gives a measure of the heat produced in the sparks. 

^ Electric Spark Ignition/ pp. 31,82 (1920) ; * Engineering/ Nov. 3, 
191G. 

I Explosion tubes of this form were used for illustrating the lecture 
in Glasgow. 
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hj a stopcock in the gas inlet-tube. The piston is drawn 
down to a suitable distance (depending upon the strength 
of mixture required) and a stopcock near the lower end of 
ihe air inlet-tube is then closed. A half turn of the magneto 
armature (giving one break of the primary circuit) i>roduces 
the spark, and if the mixture is such that an explosion of 
sufficient violence results, the piston is blown out of the 
cylinder and after the I'ebound re-enters the cylinder to a 
certain distance. A scale of tenths of an inch may be marked 
on the cylinder at the lower end to indicate this distance, 
which gives a measure of the impulse of the explosion 

By means of this apparatus tlie igniting action of sparks 
of different kinds between electrodes of different forms can 
be conveniently studied, and the superiority of a condenser 
spark over the ordinary magneto spark with pointed 

electrodes of steel or tungsten), indicated by the above 
theory, can easily be demonstrated. 

Ignition by Short Sparks between Spherical Electrodes, 

When ignition experiments are tried with short sparks 
between spherical electrodes of metal f? a number of results 
are found which appear, at first sight, to be contrary to the 
thermal theory. In the first place ignition is difficult and 
very erratic unless the metal surfaces arc clean. It is 
scarcely to be expected, however, that the loss of heat which 
undoubtedly takes place by conduction from the gas to the 
electrodes would be less when these are clean than when 
they are covered with a layer of oxide or other substance of 
smaller conductivity than the metal. The result, thereibre, 
seems to point to some action other than thermal as the 
cause of ignition. Further, when different metals are used 
as electrodes the igniting effect does not seem to depend 
appreciably upon their thermal conductivity. In making 
this comparison care should be taken to use electrodes of the 
same curvature (since the igniting power of the spark 
increases with their curvature), and they should be well 
cleaned before the experiment. In this way curved surfaces 
of copper, steel, and zinc were found to be equally effective 
in ignition, i. <?., to be just capable of igniting a given 

^ The pressure developed in an explosion is usually independent of the 
nature and intensity of the spark, so long as the spark is sufficient to 
produce an explosion at all (see Morgan, ^ Electric Spark Ignition/ p. 15). 

t Short cylinders of about 8 mm. diameter, having spherical ends of 
about 1 cm. radius of curvature, and pl.aced so as to form a gap 0*15 mm. 
wide at its narrowest part, were used in most of the experiments de¬ 
scribed in this section. 
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mixture when the sparks were of the same kind and length, 
and were produced by the interruption of the same primary 
current. Of the metals examined (copper, steel, zinc, 
platinum, lead) lead was found to be the most suitable for 
ignition experiments ; the surface of this metal is less easily 
spoilt by the tarnishing due to the sparks or to the flame. 
Carbon electrodes, though not so eftective in ignition as 
those of clean lead, are also suitable because they do not 
require to be cleaned as do metallic surfaces. 

Another result which appears to be contrary to the thermal 
theory is found when the effect of connecting a condenser to 
the spherical electrodes is examined. With electrodes and 
gap of the dimensions stated above, the effect of the con¬ 
denser is exactly opposite to that observed when pointed 
electrodes are used. The condenser produces a decided 
diminution in the igniting power of the spark, and the 
inferiority of the condenser spark with the spherical 
electrodes is quite as marked as its superiority when the 
electrodes are metal points. In one experiment, with 
spherical carbon electrodes, ignition without the condenser 
occurred at a primary current of 0*7 ampere ; with the 
condenser ignition failed at 10 amperes, with a spark of 
nearly 200 times as much energy. 

This result is directly contrary to that derived from the 
theory of thermal conduction from point sources, and we 
must conclude either that the thermal theory is wrong, or 
that some other action takes place, when spherical electrodes 
are employed, which is of such greater influence in ignition 
than thermal conduction as to mask its effect. 

For the further investigation of this matter some photo¬ 
graphs of the sparks between spherical electrodes were tnken, 
six specimens of which are shown in fig, 4 (PL XXI.). These 
sparks were produced, by a magneto, between lead C 3 dinders 
8 mm. ill diameter, the spherical ends of which were set at 
0*15 mm. apart. The camera used in photographing them 
had a quartz lens of 15'6 cm. focal length, the linear 
magnification being 1*5 cm. The sparks shown in fig. 4 
(PI. XXI.) are ‘‘ordinary^’ magneto sparks, no condenser 
being connected with the electrodes. 

An examination of fig. 4 (PI. XXI.) shows that the 
ordinary spark between spherical electrodes differs in one 
important particular from the usual short spark which we have 
regarded as a point source. The discharge begins at the 
centre (L e., the narrowest part) of the gap, but some portion 
of it spreads towards the sides, and in spreading it lengthens 
so that it can no longer be regarded as even approximately a 
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point source* * * § . The spreading of the discharge over the 
surfaces of the electrodes does not occur when a condenser of 
considerable capacity is connected with them. In fig. 5 
(PL XXI.) are shown seven induction-coil sparks between the 
lead cylinders, the gap in each ease being placed centrally 
just above a Meker burner f. The first five passed while a 
condenser was connected with the terminals ; they show no 
spreading and they failed to produce ignition i . The sixth 
and seventh sparks were produced after the condenser was 
disconnected ; of these the sixth shows spreading and pro¬ 
duced ignition, the seventh shows no spreading and failed 
to ignite. The primary current interrupted was the same in 
all seven. 

In fig. 6 (PL XXII.) are shown seven magneto sparks 
between spherical electrodes of platinum. Of the seven 
only the second and the fifth show evidence of spreading, 
and only these two produced ignition. 

The conclusions to be drawn from an examination o£ 
these photographs, and a number of others of a similar kind 
which were takt n, are that, in the case of short sparks 
between spherical electrodes of metal or of carbon: 

(1) the ordinary high-tension discharge (without secondary 

condenser) tends to spread from the centre towards 

the sides of the gap when the electrodes are of* 

carbon or of clean metal; i 

(2) the tendency to spread increases witll the primary 

current ; 

(3) the spreading does not occur, or occurs much less 

readily, over metal surfaces which are not clean; 

(4) ignition does not occur, or occurs only with great 

difficulty, unless the discharge spreads ; 

(5) ignition does not always occur if there is spreading. 

(6) spreading does not occur if a condenser of considerable 

capacity § is connected with the electrodes. 

* That the spreading is not an effect caused by gaseous combustion is 
shown by the fact that the discharges in fig. 4 (PI. XXI.) took place 
in ordinary air free from inflammable gas. 

t Ignition experiments with a burner may be made either while the 
gas is flowing or in the still gas which remains above the burner for a 
short time after the gas is turned off. A large Meker burner is 
the most suitable for the purpose. 

% Owing to the much greater brightness of the condenser sparks 
the aperture of the lens was reduced to its minimum for the first five 
sparks. Their images are, however, still rather enlarged by halation. 

§ The capacity must be sufficiently large to prevent the formation of 
an arc instead of a single or multiple spark (see the author’s ‘ Theory of 
the Induction Coil,’ p. I5I). 
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With these facts in mind it is easy to understand why the 
ordinary spark is a better igniter than the condenser spark 
when spherical electrodes are used. The ordinary discharge, 
in spreading to the outer and wider parts of the gap, is 
able to wnrm the requisite volume of gas to the ignition 
temperature, not by thermal conduction but by its own 
expansion. The condenser spark, on the other hand, being 
confined to the narrowest part of the gap, can warm the 
surrounding gas only by conduction It is true that in 
the case of the ordinary spark between spherical electrodes, 
only a fraction of the heat is actually utilized in producing 
ignition, viz., the heat of that portion of the discharge 
which is near the edge of the gap. It is quite in accordance 
with the thermal theory, however, that an enlarged source 
may be a better igniter than a point source of greater heat. 
For the distribution of temperature round an instantaneous 
point source at any time after the heat is communicated is 
such that the temperature is highest in the position of the 
source, and falls off in all directions from this point. If the 
boundary of a certain volume of the gas is at the ignition 
temperature, the inner portions of this volume must be at a 
temperature above this, and therefore at an unnecessarily 
high temperature for the production of ignition. It is clear 
that, in regard to the volume raised to the ignition tempera¬ 
ture, a better distribution would be one in which the heat is 
more evenly distributed, so that the temperature throughout 
this volume is uniform. An instantaneous point source, 
though superior to a continued point source, is inferior to an 
enlarged source of the same or even less total heat. 

It appears, therefore, that the results, both with pointed 
and with spherical electrodes, are consistent with the view 
that the most effective spark in ignition is that which heats 
the greatest volume of the gas to the ignition temperature. 
With pointed electrodes the heating is effected by thermal 
conduction from the source, with spherical electrodes by 
expansion of the source itself. 

Some further points now remain to be considered in 
regard to the discharge between spherical electrodes. The 
horizontal striations w^hich appear in the photograph of the 
spreading discharge in fig. 5 (PL XXI.), and less clearly in 

^ It mi^ht be expected ihat the condenser spark, being in the 
position in which it can give heat most readily to the electrodes, 
would communicate less heat to the gas than would the ordinary spark. 
Calorimeter experiments, however, with small spherical electrodes of 
carbon, indicated that the gas receives slightly more heat from condenser 
sparks than from ordinary sparks produced with the same primary 
current. 
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figs. 4 and 6 (Pis. XXI. & XXII.), suggest that the apparent 
spreading is a radial movement, or wandering, of the arc 
portion of the discharge, the striations corresponding to the 
oscillations of the induction coil or magneto system That 
this is the case is confirmed by photographs of the discharge 
taken with the help of a rotating concave mirror, some of 
which are reproduced in fig. 7 (PL XXII.L They show a 
number of spark discharges, produced by an induction coil 
without secondary condenser, betw^een spherical electrodes of 
carbon. Nearly all the images show the w’^andering of the 
arc, the movement being upwards, or downwards, or along 
other radii. Frequently the arc wanders to ihe edge of the gap 
and breaks off there, the discharge then beginning again at 
the centre, sometimes afterwards wandering along a different 
radius, as in the fourth, fifth, and sixth images. This is the 
explanation of the fact that in several of the camera photo¬ 
graphs {e. g,^ the first in fig. 4, PI. XXI.) the ‘‘ spreading^’ 
appears to take place both upwards and downwards in the 
same discharge. None of the lines in fig. 7 fPl. XXII.) show 
any bifurcation, the discharge passing at only one part of the 
gap at a time. The curvature of the lines during wandering- 
shows that the speed of the lateral movement of the discharge 
is greatest at the centre of the gap, which is to be expected 
since the radial variation of the width of the gap is here 
smallest f. 

With regard to the influence of the wandering on ignition, 
it is probable that the most effective discharges in this 
respect are those in which the arc wanders to the edge of 
the gap and remains there for an appreciable time, as in the 
sixth and thirteenth images in fig. 7 (PI. XXII.). On several 
occasions it was observed that a discharge which broke off 
just after reaching the edge, to recommence at the centre, 
was incapable of producing ignition. In such cases it must 
be concluded that though the wandering is accompanied by 
a sufficient enlargement of the source, the time for which 
the enlargement endures is too short to result in ignition J. 

The wandering of the arc takes place less readily when 
the width of the gap is increased. Consequently it might 
be expected that within certain limits a narrow gap between 

See ^ The Theory of the Induction Coil/ fig. 61, p. 147, and fig. 93, 

p. 201. 

t The photographs in fig. 7 (PI. XXII.) suggest that the wandering is 
accompanied by an increase of width, as well as an increase of length, of 
the arc. 

% The whole time of duration of each of the discharges shown in 
fig. 7 (PI. XXII,) was about 1/100 second. 



1101 


Spark Ignition. 

spherical electrodes would be more effective in ignition than 
a wider one. This was found to be the case with the carbon 
spherical electrodes used in the present experiments. The 
igniting effect of the spark was distinctly better when they 
were 0*15 mm. than when they were 0*3 apart, the heat of 
the spark being practically the same on both occasions. The 
greater ease of wandering in the narrower gap was more 
effective than the greater length of the initial spark in the 
wider one*. 

The wandering also depends upon the curvature of the elec¬ 
trodes, and in the case of sharply-pointed electrodes it must 
be greatly restricted by the fact that here any lateral move¬ 
ment of the arc would be accompanied by excessive increase 
of length. The possibility suggested itself, however, that 
some slight effect of wandering might be observable with 
pointed electrodes if these were of the most suitable material. 
When ignition was tried with a vdry short spark between 
carbon points it was found that the addition of a secondary 
condenser now produced no improvement. Ignition was 
effected with equal success whether the condenser was 
connected or not. The same was found with pointed elec¬ 
trodes of clean load. In these circumstances the slight 
wandering over the sides of the electrodes in the case of 
the ordinary spark apparently produces as much effect in 
ignition as the superior temperature distribution due to 
thermal condition in that of the condenser spark. 

As to the cause of the wandering of the arc, this cannot be 
traced to the action of thermal convection arising from the 
heating of the gas by the initial spark. The photographs in 
figs. 4 and 7 (Pis. XXI. & XXII.) show that the movement 
of the arc is as often downwards as upwards. Nor can the 
wandering be attributed to thermionic action, since the 
movement is from the centre towards the outer portions of 
the gap where the surfaces of the electrodes are cooler. 
The wandering must be attributed to some property of 
the surfaces which is independent of thermal action. Now 
it is an observed fact that the wandering takes place much 
less readily if the electrode surfaces are not clean or are 
tarnished, and this fact suggests that photoelectric action 
plays a part in determining the position of the arc. We 
may suppose that the electrode surfaces at the centre are 
to some extent spoilt^’ by the initial spark, so that the arc 

* The condenser spark between spherical electrodes, in which there is 
no wandering, conforms to the general rule that the igniting power 
increases with the width of the gap 
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which follows it passes more readily across a neighbouring 
part of the gap where the surfaces are cleaner. The 
wandering of the arc thus represents the tendency of the 
arc to pass across parts of the gap where the surfaces have 
not been spoilt by the previous portions of the discharge. 
According to this view of the matter the direction of the 
wandering, which is apparently quite capricious, is that 
along which the surfaces at the time are cleanest, and where 
the easiest path is prepared for the discharge by photo¬ 
electric action. 

That the wandering does not occur with condenser sparks 
is accounted for by the fact that it is a comparatively slow 
movement, and that it requires a much longer time to 
develop than that occupied by a single condenser spark. In 
fig. 8 (PL XXII.) are shown rotating-mirror photographs of 
four multiple spark discharges produced between the carbon 
spherical electrodes by an induction coil with secondary 
condenser. The capacity of the condenser was considerably 
less than the maximum which allowed sparks to pass, so that 
each discharge consisted of a large number of separate 
sparks. Each spark appears at the centre of the gap, and 
no part of the discharge shows any tendency to wander 
towards the side. 

In connexion with the question of the condition requisite 
for ignition there is another point to which reference should 
be made here. Observers whose experiments on ignition 
by electric sparks or other forms of electric discharge have 
led them to conclude that ignition is not due to any thermal 
action of the current, have sometimes suggested that the 
current itself (or the ionization) in the gas is the deter¬ 
mining factor in ignition. It is not difficult to show, 
however, that in the present experiments with spherical 
dectrodes the maximum current crossing the spark gap is 
much greater in the case of the condenser spark than in that 
^f the ordinary spark, though the latter is, as we have seen, 
much the better igniter. Let us suppose that a condenser 
of capacity C is connected with the electrodes, so that the 
discharge takes the form of a single spark in which tlie 
current oscillates with high frequency n, determined by the 
capacity C, and the self-inductance of the short wires by 
which it is connected to the electrodes. Then if the 
sparking potential is Vq, the maximum value of the 
current in these oscillations is (if we neglect damping) 
:2‘7rnCVo. In the present experiments Vo was about 1000 
volts, C about 0*004 microfarad, and n was not less than 
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10® per second. Consequently the maximum current in 
the condenser spark was, at a low estimate, 25 amperes. 

When the condenser is replaced by one of very small 
capacity, the discharge changes into a spark of the ordinary 
kind, consisting of an initial capacity portion followed by 
a pulsating and decaying arc. The maximum current in 
the capacity portion is given by the same expression with 
the appropriate values of n and C, and since n is inversely 
proportioned to VC, the maximum current is now consider¬ 
ably less than before, being directly proportional to the 
square root of the capacity. 

As to the maximum current in the arc portion of the 
ordinary discharge (in which the the current wave consists 
of one oscillatory and one aperiodic component), an upper 
limit to its value may be obtained by calculation from the 
constants of the magneto circuits and the primary current 
at the moment of break By such calculations it can 
be verified that in no case does the maximum current in 
the inductance portion of the spark given by a high tension 
magneto of the usual type exceed a few hundred milli- 
amperes f* It Is therefore quite certain that when a con¬ 
denser of considerable capacity is connected with the spark 
electrodes, the maximum current in the discharge is much 
greater than that in the discharge which occurs when the 
condenser is replaced by one of \ery small capacity, 
or when the condenser is absent. The great superiority 
of the igniting action of the ordinary discharge over that 
of the condenser spark between spherical electrodes cannot 
therefore be traced to any direct electrical action determined 
by the value of the current. 

In the opinion of the present writer the thermal theory 
is the only theory which is capable of accounting for the 
known facts of spark ignition, and it is hoped that the 
evidence produced in the present communication will tend 
to renew confidence in it. 

Glasgow, 

October, 1928. 


^ The equations required in the calculation are given in the autbor^s 
^ Theory of the Induction Coil,’ Appendix II. pp. 209, 210. 

t See also Morgan, ‘ Electric Spark Ignition,’ p. 21, where it is shown 
that the current in the arc portion is smaller than that in the capacity 
portion of a magneto spark. 
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CVIII. The Phosphorescence of Fused Quartz. 

By A. C. Bailey and J. W. Woodrow *. 

[Plate XXIII.] 

D rummond and Webster^^> have shown that a photo¬ 
graphic plate will be fogged if kept in contact with 
certain pieces of quartz which have been previously exposed 
to ultra-violet light, and tliey concluded that this effect was 
most probably due to a phospliorescence of the particular 
fused quartz which they used. They found that this material 
would continue to emit a radiation of sufficient intensitj to 
affect a photographic plate for at least three weeks after 
irradiation with the ultra-violet light. They also found that 
the effect was enhanced if the quartz plate was kept warm 
while it was in contact with the photographic plate. 

When the above report appeared we were making similar 
tests, the results of which have confirmed the conclusions of 
Drummond and Webster and which have also given further 
information on this t 3 pe of phosphorescence. Many experi¬ 
ments were carried out upon pieces of fused quartz broken 
from a large piece a hich had been obtained from the Thermal 
Syndicate Oo., Ltd., under the trade name of “ Vitreosil.” 
It was found that an irradiation of an hour at a distance of 
10 cm. from a Cooper-Hewitt quartz mercury arc was 
sufficient to activate the quartz to such an extent that it 
would produce a distinct image on a photographic plate in 
twenty-four hours. The plates were placed in carefully- 
tested light-proof boxes so as to avoid all possibility of 
extraneous light-effects. In some of the experiments, the 
photographic plate was slightly sensitized by a short exposure 
to a red light before being placed in contact with the quartz. 

In one instance a piece of the quartz which had been 
irradiated for six hours was taken to the dark room, where 
several people examined it closely in complete darkness. 
Each observer, however, reported a complete inability to 
detect the slightest indication of any radiation of visible 
light, provided the sample was not heated. But this same 
piece emiited a radiation of sufficient intensity to produce a 
strong image on the photographic plate even after trans¬ 
mission through a thin piece of glass ; and furthermore the 
ordinary refraction phenomena at the edges of the glass plate 
were clearly shown in the developed image. This refraction 
phenomenon and the high transmission of glass obviously 

* Cioiiuiittiucated by Professor E. C. C. Baly, F.B.S. 



TJie Phosphorescence of Fused Quartz^ 110& 

indicated a radiation in or near to the visible region o£ the 
spectrum. 

It has long been known that heating causes a marked 
increase in the intensity of emission from an excited phos-^ 
phorescent body and that with continued heating the phosphore 
soon releases all the energy which has been stored up during 
the activating process. The irradiated fused quartz was 
found to possess this property of an activated phosphore, for 
its power to affect a photographic plate was destroyed by 
heating for a few minutes in a bunsen flame ; however, it 
could be activated again by a further exposure to ultra¬ 
violet radiation. This procedure could be repeated many 
times, which is in accordance with the results obtained by 
E. Becquereb*^^ with fluorspar and by Lenard and Klatt^^^ 
with the phosphores which they investigated. 

In PL XXIII. (figs. 1 and 2) are shown two typical photo¬ 
graphs obtained with two difl’erent pieces of fused quartz. It 
is seen that the effects are very prominent at the edges of the 
broken quartz and that they are not uniform over the surface- 
Brigbt spots somewhat circular in shaf>e were produced by 
the sample shown in fig. 1, while those due to the piece 
shown in fig. 2 were distinctly rectangular. Many photo¬ 
graphs were made both before and after treatment with heat 
and various acids, but these same spots always appeared in 
exactly the same places after the quartz had been activated 
by ultra-violet light. In other samples only one emission- 
centre w^as evident, while in still others none at all w^ere 
present. This was probably due to the manner in which the 
plate was built up from smaller pieces. These same pieces 
of quartz were examined carefully under the microscope and 
photographs were made by allowing diffused light to pass 
directly through the quartz while in contact with the photo¬ 
graphic plate, but nothing irregular could be observed in the 
region of the spots. 

Prof. E. C. C. Baly^^^ has found that fused quartz w^hich 
had been exposed for a long time to ultra-violet light 
developed an amethystine colour and became quite opaque 
to the short-w^ave ultra-violet. Wlien it was then heated in 
a powerful blast flame, it emitted a brilliant green phos¬ 
phorescence which gradually faded away. The pieces of 
quartz which we had shown to be capable of producing a 
developable image were also found to emit a green phospho¬ 
rescence upon heating. The samples were irradiated by 
exposure to a quartz mercury arc and then taken to a dark 
room and heated on an electric plate. As soon as they^ 
became hot they began to glow very brightly and continued 
Phil, Mag, S, 7. Vol. 6. No. 40. Dec. 1928. 4 C 
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to do so for more than thirty minutes. A broken quartz flask 
which had not been used for six months and which had been 
kept behind glass doors in the laboratory during that time, 
upon heating gave the characteristic green glow, which w^as 
easily observed in the dark room, although it was quite weak. 

Tests with natural quartz crystals showed that they did not 
emit any radiation which would affect the photographic plate 
or which was visible to the eye upon heating. One of these 
natural crystals was heated in an electric furtiace to a 
temperature of 575^ C., at which temperature a change takes 
place in the form of the quartz, but no phosphorescence was 
observed. Another crystal was heated to 1200^0., but upon 
being tested exhibited no phosphorescent activity. A third 
piece from the same crystal was heated very slowly to 
1600^ C.,and after cooling was irradiated in the usual manner. 
Upon heating, this piece gave the same characteristic green 
glow as was found with the fused quartz plates. 

Several other substances were tested for this phospho¬ 
rescence. Irradiated pyrex glass emitted a radiation upon 
heating which was visible in a dark room and which was 
q[uite similar to that obtained with fused quartz. It would 
also produce a developable image on a photograjhic plate 
without heating. No trace of any phosphorescent activity 
< 30 uld be obtained with gypsum. Calcite glowed very brightly 
for some time when heated ; but after it had ceased to glow 
it could not be reactivated even by an exposure of several 
hours to the full radiation from a quartz mercury arc. 

Fluorite was found to be extremely active and a very short 
irradiation was sufficient to cause it to emit a bright bluish- 
violet light upon heating. The fluorite was so sensitive that 
all pieces tested gave this characteristic glow with a small 
amount of heating even though it had not received any 
previous radiation in the laboratory. E. Becquerel^^^ has 
found that fluorspar which has been activated by a long 
exposure to sunlight emits a bright luminescence of visible 
light when heated to about 90°. After this f*ffect disappears 
and the crystal has been allowed to coo), it will again emit a 
visible radiation when the temperature is raised to 90°. 
Lenard and Klatt have explained this phenomenon by 
assuming that the fluorspar emits an ultra-violet radiation, 
which continues after the visible luminescence ceases, and 
ihat this in turn activates the cooled fluorspar so that it will 
again emit a visible radiation when heated a second time. 
This probably explains why^ all the pieces of fluorite which 
we tested gave the characteristic glow when heated even 
though we had not exposed them to ultra-violet light. 
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Summary, 

In the experiments described here the following facts haTe 
been ascertained :— 

1. Many samples of fused quartz possess the properties of 
a phosphorescent body ; that is, they can be excited by 
ultra-violet light, they will then emit a visible phosphorescent 
light of considerable strength upon the application of heat, 
and they can be completely deactivated by bringing to a red 
heat in a flame. 

2. This phosphorescent activity of fused quartz is not 
uniform, but there is a wide variation between samples and 
even within the area of a single small piece. 

3. Natural quartz crystals do not possess this property of 
emitting a phosphorescent radiation, but they can be brought 
into this condition by heating slowly in an electric furnace 
to a temperature of 1600^0., 

4. Pyrex glass, calcite, and fluorite exhibit a prominent 
phosphorescent activity, but gypsum does not. 
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C?IX. The Motion of Electrons in Pentane, By J. D* 
McGee, J/.aSc., St.John^s College, Demonstrator in Physics^ 
University of Sydney, and J. O. Jaegeb, B,Sc,, Deas-- 
Thompson Research Scholar, University of Sydney*, 

I N the Phil. Mag, (vol 1. p. 825, Oct. 1925) Professor 
V. A. Bailey has given a detailed account of a method 
for investigating the motion of electrons in gases, which is 
particularly applicable to those gases in which ions are 
formed by attachment of electrons to molecules as a stream 
of electrons moves through the gas. 

The same apparatus and method have since then been used 
o investigate the motion of electrons in pentane 
This gas was chosen firstly because we had at our disposal. 


Commxmicated by Prof. J. S, Townsend, F.R.S. 
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through the kindness of Mr. J. G. Burrows of the Chemistry 
Department, a very pure sample of the liquid, and secondly 
because Professor E* M. Wellish, in his work on ionic 
mobilities*, had noticed an ageingeffect when the gaa 
was allowed to remain in the apparatus for any considerable 
time* It was therefore of interest to investigate whether 
these effects still occurred in the more refined apparatus at 
our disposal, in which the rate of contamination of the gas 
is very small. 

Only a brief account of the theory and experimental pro-- 
cedure is given here; for full details the original paper 
should be consulted. 

2* An electron moving through a gas at a pressure p mm., 
under the action of an electric force Z volts per cm., will 

Pig. 

_P 

_ O 

_ 1 

__ 2 


have a drift velocity W in the direction of the electric 
force, and an agitation velocity II, while the ratio of its 
kinetic energy to that of a gas molecule is k. Then, if the 
mean free path of an electron be Z, and h be the probability 
olE its attachment to a molecule in collision, the number of 
electrons remaining free at a plane z s=c out of No starting 
at the plane 0 = 0, the axis of 0 being the direction of the 
electric force, will be where a is the ‘‘coefficient of 


attachment ’’ which a simple calculation makes 


The apparatus may be represented diagrammatically as in 
fig. 1. P, 0, 1, 2, 3 are parallel circular plates maintained 
at such potentials as to produce a uniform field throughout. 
Electrons are produced by the photoelectric effect of ultra¬ 
violet light on a target at P. A narrow stream of electrons 
and ions passes through the slit in 0 and diverges, the 
electrons more than the ions, so that the stream passing. 


* Phil. Trane. A, cdx. p. 240 (1909). 
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4;hrough the slit in 1 will be richer in ions relative to that 
passing through the slit in O. This effect is intensified by 
the continual formation of ions by attachment in the body of 
the gas. A similar effect occurs at the slit in plate 2 , the 
stream being ultimately collected on plate 3 . 

Suitable electrical arrangements permit the measurement 
of the ratios of the current 4 to electrodes 1 , 2 , and 3 * 
The actual experiment consists in the determination of 

i and 97 = ^. From these the distribution ratios S, 
h «2 

and S 2 ,of the current passing through the slit to the current 
arriving at the plane of the slit, can be determined for slits 
in plates 1 and 2 . 

Thus 


Si 




If, now, uq electrons pass the slit in O, will arrive at 

electrode 1 , where c is the interelectrode distance, and 

( Z\ 

= will pass through the slit in 

where R ^ 


^ is the distribution ratio at the slit, calculable 


from the dimensions of the instrument for given values of Zjk, 
Similarly, the number of electrons passing through the slit 
in 2 will be = ahiQ. If, in addition, Nq ions pass through 
the slit ill 0 , the number passing the slit in 1 will be 


Ni = NoR(Z) = RNo + 

where r is the unknown distribution ratio of the ions formed 
by attachment. Similarly, the number passing through 
slit 2 is N 2 = R^No-t- (R/>-^ 6 a)no. 

But 


.ioTNo 


and So 


_ ng 4* Ng 

Substituting in these and eliminating 5 , we have 

S,(R--S2). 


a = 


R--S1 


Since R is a known function of Z, a can be derived from the 
experiments, and we have the relation R(Z/*)€“®'' = aj. 

If the force Z and the pre.«sure p be changed to Z/n 
and p/n respectively, we obtain the additional relation 
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From these two equations we obtain 
logio«i—« logioa» = logioR(Z/l-) —n logioR (Z/A:») • (1) 

and 

a. =— |logioR(Z/l) —logio®i} . . » • (2) 

c 

Equation (1) gives h and equation (2) gives a, 

3. In practice slight errors are to be expected for the 
following reasons :— 

(a) Non-uniform distribution of electrons over the upper 
slit; maximum value computable and negligible. 
(h) Diffusion of the electrons to the sides of the slits, 
(c) Possible asymmetry of the slits. 

So calibration is made with hydrogen in which electrons 
are known always to remain free, and the values of k are well 
established over a large range of Z/p It is found that,, 
while S 2 plotted against (Z/^) agrees substantially with the 
theoretical curve. is consistently lower. This may be 
ascribed to errors of construction of the apparatus. An 

appropriate modification of the theory gives a = _ g 9 ^ 

where R" and R' are the distribution-ratios for ions obtained 
from the upper and lower of these curves respectively. The 
calibration curves used were obtained by Prof. V. A.Bailey 
and Mr. A. J. Higgs, B.Sc., and were checked before com- 
mencing these experiments. 


4. The pentane gas was obtained by vaporizing the pure 
liquid, all precautions being taken to prevent the admixture 
of foreign gases. After a preliminary drying in preparation,^ 
it was dried for twelve months over phosphorus pentoxide at 
about 250 mm. pressure. The gas was admitted to the 
apparatus either directly or after a preliminary liquefaction 
in a small side-tube by liquid air, in which case only the 
middle third of the liquid was used, the remainder being 
pumped off. There was no perceptible difference in the 
results obtained with samples admitted by the different 
methods. 

Samples o£ gas were tested over several days to examine 
the possibility of an effect of the ultra-violet light on the gas 
or an ageing’’ effect. Neither was observed, the results 
remaining constant to within experimental error. 

* Townsend and Bailey, Phil. Mag. xlii. (Dec. 1921). 
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Variations from Boyle^s Law were observed with this gas^ 
at pressures between 20 and 40 cm., the maximum variation 
amounting to 4 per cent. Corrections were made for this 
source of error when reading the pressures in a McLeod 
gauge. 

5. Observations were made at pressures of 8*32, 4*16, 
2 , and 1 mm , and at forces of 40, 20,10, and 5 volts per cm., 
the pressures being originally read as 8, 4, 2, and 1 mm. on 
the assumption that Boyle^s Law held for the gas. But as^ 
results were require 1 at values of Z and p increasing in 
geometrical progression, the determined values of a for given 


Table L 


z/p. 


2. 

a. 

—logj^an. Z/^. 




»lpXW, 

1-25 

SO 

10 

•476 

•322 

3*6 

•322 

2-8 

•033 

4-1 


4*0 

5 

•387 

•412 


•412 


•017 


2-5 

80 

20 

*520 

•284 

3-64 

‘286 

5-5 

•013 

1-6 


40 

10 

*403 

•396 


•392 


•006 



20 

5 

•303 

•519 


•524 


•003 


50 

80 

40 

•585 

•233 

4-70 

•237 

8-5 

•006 

0*8 


40 

20 

•452 

•345 


•342 


•003 



20 

10 

*332 

•479 


•466 


•002 



10 

6 

•250 

•602 


•618 


•001 


100 

40 

40 

•438 

•358 

2-18 

•358 

18*4 

•006 

0-8 


20 

20 

•327 

•485 


•485 


•003 



1*0 

10 

•234 

•631 


•633 


•001 


20 0 

20 

40 

•296 

•529 

•97 

•529 

41-2 

•014 

1*7 


10 

20 

•212 

•674 


•674 


•006 


400 

10 

40 





770 




values of Z were plotted against p, and the values of a at 
p = 8’0 and 4*0 mm, were read off from the curves. The 
changes in each case were very small. Table I, gives the 
results of the observations, each number being the mean of 
several determinations. The values of a at 8 0 and 4*0 mm. 
are those corrected as above. 

To obtain the value of Zjk from equation (1) a series of 
curves were drawn with 

.r = Z/i and p = logioB(Z/^)—nlogioIl(Z/^n) 

for n = 1, 2, 4, and 8, similar to those in fig. 6 in Professor 
Bailey^s paper*. The values of — nlogioa« were then set 

* Phil. Mag. 1. p. 825 (Oct. 1925). 
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off to the same scale on the edge of a stri[> of squared paper, 
and the strip moved parallel to the y-axis till the marked 
points fell as nearly as possible on the curves. The abscissa 
then is Z/^, and the values of k so determined are shown in 
Table I. The actual ordinates of the points of intersection 
of tlie curves with the strip are given, divided by n, in 
the column under in Table I. These should agree with 
—logio^* 7 i, and the disagreement will show the magnitude of 
the experimental error. These values of y are used as 
smoothed values of — logio<2a for the calculation of a from 


Fig. 2. 



equation (2). The value of k at Z//) = 40 is determined 
directly from the calibration curve, since Sj and Sg fall 
exactly on the theoretical curves at Z/k = 1. 

6 . For the greater part of the range u is very small, being 
little greater than experimental error, which maybe as large 
as *004. Further at those values of Zjp where a does increase, 
the results are least reliable, depending on observations at 
only two pressures. There are definitely very few ions 
formed, so it is possible that ajp is nearly zero in the 
perfectly pure gas, the few ions being due to traces of 
impurity. 
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The curve showing the variation of «/p with Z/j» is given 
in fig. 2. The curve obtained for air by Professor Bailey is 
shown also for comparison. They both show the same 
decrease for increasing Z/p, the values for pentane being 
consistently higher than those for air. 

The curve for k against T^lp is given in fig. 3 with those of 
ethylene and hydrogen for comparison. The pentane curve 
is lower than most of the curves, but is not remarkable save 
for its approximate linearity. 


Fig. 3. 



7. The values of W were determined in a Townsend 
diffusion apparatus set up for a research on ethylene by 
Mr. J. Bannon, B.Sc. We are indebted to him for the value 
of the eccentricity of the slit, and the constants of the coils 
producing the magnetic field. The values of W obtained 
are slightly inaccurate through the presence of a few ions, 
but the good agreement obtained between experiments at 
different pressures and forces with the same value of Ttfp 
shows the error to be small. Values of k determined in this 
instrument agreed well with those obtained in the 3-slit 
;apparatus. 
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Table II. gives the values of W obtained, each being the 
mean of several sets o£ observations at Z = 40, 20,10, and 5,. 
and p =» 8*32, 4"16, 2*0, and 1*0 mm. 


Tablh II* 



P* 

z. 

Wxl0“ 

•60 

8*32 

f) 

1*25 

1*2 

8*32 

10 

2-39 


4*16 

5 

2*42 

2-4 

8-32 

20 

3-62 


4-16 

10 

368 

2*5 

2*0 

.5 

377 

4*8 

8-32 

40 

4*60 


4*16 

20 

4-62 

6-0 

2-0 

10 

4*65 


10 

5 

4*88 

9-6 

416 

40 

5*10 

100 

20 

20 

5*09 


10 

10 

6*24 

200 

2-0 

40 

5*50 


10 

20 

5*47 

40 

1*0 

40 

6*43 


The values of a, and A, of L the mean free path at 1 mm. 
pressure, and of the fraction of energy lost in a collision, 
are shown in Table III. These quantities are calculated 
from the formulae : 


U 

= 1-15 X 10^ VA , 

L 

.(WTJ) 

“ ' z 

X 10- 

IG 

y 

X 

= 2*46^ 

9 

h 

“ ' z 

xlO- 





Tablk III. 




Zip, 

Wxl0“"® 

cna./sec. 

k. 

TTX107 
cm ./sec. 


Axio« 

•626 

1*25 

1*7 

1*5 

2*1 

17 

— 

1*25 

2*42 

2*8 

1*93 

2*26 

3*9 

13*5 

2*5 

3*70 

4*5 

2*46 

2*55 

5*6 

6*1 

5*0 

4-70 

8*8 

3*51 

2*32 

4*4 

2*5 

10*0 

5*10 

18*4 

4*95 

1*77 

2*6 

1*5 

20*0 

6*45 

41*4 

7*4 

1*42 

1*3 

1-8 

40*0 

6*38 

77 

10*1 

1*13 

1*0 

— 
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Fig. 4 gives the curves for L against U for CgHi^ and 
C^H 4 , and of h against U for C 5 H 12 ; the latter shows a very 
marked increase of h with decrease of U, beginning in the 
region of U = 3 x 10 ^ cm./sec. The L U curve for pentane 
shows a maximum in the early portion of the curve, but there 
is no minimum in the range used such as occurs with G 2 H 4 . 

The curve of W against Z/jo for pentane is given in fig. 5, 
with those of O 3 H 4 , CO 2 , and Hj for comparison. It is 
marked by a very rapid initial rise, the values in the early 
part of the range being as high as any yet measured^ 


Fig. 4. 



terminated by an almost horizontal portion at the higher 
values of Zjp. 

The curve of X against U is given in fig. 6 , with those of 
C 2 H 4 , CO 2 , and N 2 for comparison. It is noteworthy that 
the maxima in the L and X curves occur for the same value 
of U, indicating that the electrons which penetrate most 
deeply into the molecules lose the greatest fraction of their 
energy on collision. 

A considerable similarity will be noticed in all the curves 
between the two hydrocarbons, pentane and ethylene. The 
curves of X—U show that the gases C 5 H 12 , C 2 H 4 , and CO^ 
are exceptional in possessing a rapid initial rise and maximum 








Spheroidal Harmonics as Hypergeometric Functions. 1117 

in these curves ; all other gases give either consistently low 
values o£ X or a behaviour similar to that of Ng shown. The 
large initial values of X are due to the low initial values of k 
and high initial values oE W. It may be noted that for 
pentane the maximum in the X — U curve coincides with the 
rapid rise of the A — U curve, suggesting that this peculiarity 
may be in some way connected with the formation of ions. 

Finally, we wish to thank Professor Bailey, who directed 
this research, for his advice and assistance during the progress 
of the work. 


OX. On Spheroidal Harmonics as Hypergeometric Functions. 
By D. M. Wrinch, M.A., D.Sc.^ 

I N the course of a discussion of harmonics, symmetric 
about an axis, applicable to surfaces of revolution of 
some generality, an alternative method was found of con¬ 
structing harmonics applicable to spheroids, both prolate and 
oblate. 

In the transformation 


z^ip = == X2 < 1, . (1) 

where w^u + h, and and p are the usual cylindrical polar 
coordinates: 

z ^ a cos u(l + | ^ 

so that the zero r-level represents the spheroid 

Zj p ^ a[cos w(l-f X), sin w(l-—X)], 

oblate when X is negative, and prolate when X is positive, 
with semi-axes o(l + X), a(l—X), a{\ —X), and the level 
—CO the sphere at infinity. 

If the usual form of Laplace’s equation for harmonics 
symmetric about the axis of z be used, namely 

V = 0, 

L ou ou Bt’J 

and if cos?< = ^, aud e^=^, the equation for V may be written 
in the form 


DV = XDiV, . . 

♦ Communicated by the Author, 


• • ( 3 ) 
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where, if 



.w 

Under the proviso that < 1, a solution for V may be taken 
in the form 

^=./o + Vi* - .... (6) 

where 

= , I.(7) 

D/„4-i — Dj/«. f 

In the case of the sphere when \ = 0^ V reduces to /o 
-alone, and satisfies the equation DV = 0. The Legendre 
function PaC//') satisfies the equation 

and the equation 

1)—o-(<r —1)]^ = 0; ... (9) 

and therefore, in the usual manner, a harmonic evanescent 
on the sphere at infinity is given by 

V = P,(/x)r^+^ X- = 0, l,2...n, . , (10) 

which yields the usual form 



since r = a/f. 

If the spherical harmonics be used as a basis, a simple 
form of harmonic applicable to spheroids can at once be 
constructed in the form (6). 

Thus with 

/o = V,{p)^+\ 

.the equation foryi becomes 

D/, = D,p,(/.)r^+i 
= 2(^+1) 

The complementary function for/i and, indeed, foryi is 




then 
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To find a particular integral for fi, we remark the fact 
that 

— ?'P„,(/a)[—? n(m+l)+cr(o-—1)] 

= (<r + m)(<r—HI—l)f‘’P„(/t). 

Thus a particular integral is available in the form 

Indeed, suppose that is of the form 

= m)(<r + m + l) f'^+2p,„(yii), 

and therefore a particular integral is available for in the 
form 

^ V (o- —m)(o-4-m + 1) ^ ^ ^ 

/«+l - Pm(^). 

The structure of the solutions of the equation is now clear. 
Suppose we take 

/o = p,(At)r^+s 

and in general 

^ _ 1.3 ... (2n-l)_ (2i + 2)(2/i+4) ... (2i’ + 2n) 
2.4... 2/^ (2A + 3)(2/n-5)...(2A + 2w+lj 

X Pa(»?*+®"+S- 

and therefore a solution of the equation is given by 

l(A:-t-l) 


v = r‘«p.w[i+xf^,x!:> 

1.3(X; + l)(^ + 2) 
2! (2yfc + 3j(2;i + 5j 

= ?*+iPt(At) F(A + 1, i ; k+^ ; X^), 


XT...] 
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where F(p, § ; r ; 4 r) is the hypergeoinetric Eanction defined 

^.7 

pq 


F(p, q I r ; x) = 1 + 


.I p(p+i)g(g-H-) ^ I 

r. 1!‘ r(r-f-i) 2 ! 


This solution is available, as we require^ for f between unity 
and zero, since the hypergeoinetric function F(a, 6 ; c ; a?) 
is convergent for *^*^< 1. 

Thus a typical solution for the sphere 

is corrected for the present case into 
where 

MO = + i ; A’ + i ; 

and a solution involving Ko arbitrary constants 

V = 

is now developed into 

Y .(11) 

It is interesting to have the solutions in this form, for it is 
evidently a simple matter when dealing with applications to 
write down as many terms as the degree of approximation 
required makes necessary. The results are therefore readily 
accessible for practical purposes. 

Now the case at present under consideration when 

^ acos w(l+X^)/^ = ^ccos + 

p = a sin w(l —= •|csinM(l/fX^^^-—> (12) 

with c = 2aX^/^, 3 

is, for X positive, the well-known and much-discussed case 
of the prolate spheroid already mentioned, for which, 
putting 

z =0 cos u cosh p ^ c sin u sinh . . (13) 

the form of solution is given by 

V == (cosh Pa (cos u). . . . (14) 

This suggests at once that our hypergeometric function 
a multiple, simply, of the function QA(coshf), where, 
in view of (12, 13), 


^Xl/^ 




1121 


Harmonics as Hyper geometric Functions. 

and we easily find that there is an interesting relation 
between hypergeometrics whose argaments x and y are 
connected by the relation 

y = 4^/(1 

namely 

k±l 

X F (/c 4-1, i ^ 4- 

AH-1 

= (y/4) ^ F(P + i, P+1; * + |; y). (15) 

I£ we write 

a! = 

and therefore 

y = 1/cosh® 

this becomes, in terms of 
^ (A+i)^F(i- + l, i; A + f ; 

^ (2 cosh a F(P + + 1 ; it + f ; 1/cosh® |)^ 

which, since 




Ji+l; A + |; 1/2^) {’:®>1),. 

yields the result : 

(r./X)^+^F(;. + l,i; A; + i; Q,(cosh 


SO that our harmonics (11) are, of course, equivalent to the 
harmonics (14) conventionally taken. Thus our procedure 
for building up solutions of Laplace^s equation in this case 
yields, in fact, functions which are multiples of the Q* func¬ 
tions : they have the advantage over the functions, 
however, that they more readily lend themselves to practical 
applications. 


In the same manner, if X be negative, we have 

acosM(3 +X5’®)/5'= Pcosw(l/§'V—X—f v/—X),l 
p = asin«(l —Xf®)/f = Psin w(l/^v'—X+fv^—X), > 
with d = 2a —X, / 

• . . (16> 

and the unit f-level is the oblate spheroid usually taken as 
1=1 in the transformation 

z ^ d cos u sinh f, p = d sin u cosh f ; 

PhiL Mag. S 7. VoL 6. No. 40. Hec^ 1928. 4 D 



1122 Spheroidal Harmonics as Hyper geometric Functions, 
so that the relation between f and f is simjdy 

== fi/-—X. 

Thus, if in (15) we write 
then 

y == — 1/sinh^f, 
and from (15) we deduce that 
V ^ Pk(Gosu) 

= Pk(<^os u)(2 sinh 

xF(iiH-i,P+l ; A + f ; ~l/sinh‘^^) 
= XBk Pjfc(cos u) gu (sinh f), 

which is the usual solution. But we may again point out 
that our new hypergeornetric form of solution (11) allows 
very simple approximations to be arrived at in all the usual 
applications concerning oblate spheroids. 

It is, in fact, a serious demerit of the treatment of pro¬ 
blems relating to spheroids by means of Q/^ and qk functions 
that these functions do not lend themselves to approximation 
and computation. 

We may also point out that the treatment by hypergeo- 
inetric functions covers both the cases of prolate and oblate 
spheroids without the necessity for the separate discussion 
of the two cases which is called for when the Qjt and ijk 
functions are used. 

Finally, we may direct attention to the fnct that the two 
types of coordinates introduced in {13,16), as conventionally 
used in spheroidal problems, are not convenient coordinates 
to use if a comprehensive view of the problems is taken. 
We then aim at solving Laplace’s equation in the form in 
which it is applicable to the surface of revolution given by 

z = acos««{l + X) +X2COs2e< ... -hXnCOsnu..,^ 

pzs: a sin 1^(1 —X)—Xs sin 2t^ ... —X„ sin 

a.nd, by developing the treatment wdiich we have just 
elaborated, we are able, by a simple procedure, to construct 
harmonics suitable for any more general case. Indeed it 
appears that there is no essential difference between de¬ 
veloping or correcting spherical harmonics so that they may 
apply to the spheroids, and developing them in a more 
general maimer so that they may apply to any of the 
surfaces given by the equation (17), 
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OXI. The Detenoration of Quartz Mercury Vapour Lamps 
and the Luminescence of Transparent Fused Quartz, By 
A. E. Gill AM and R. A. Morton 

[Plate XXIV,] 

I N many photochemical reactions in which mercury 
vapour lamps and fused quartz vessels are used, the 
efficiency of the processes appears to fall off with time. 
This may be due to the setting up of chemical equilibria, to 
a decrease in the output o£ light from the lamp, or to the 
development of some degree of opacity in the quartz vessels. 
There can be no doubt of the fact that most, if not all, 
makes of quartz mercury lamps deteriorate rather seriously 
after running for a relatively small number of hours. It is 
equally certain that fused quartz commonly undergoes a 
•change under the action of light, and that this change is 
accompanied by some loss in transmission. Little trust¬ 
worthy information is available as to the extent of these 
phenomena and as to the connexion which may or may not 
subsist between them. It is conceivable that the deter¬ 
ioration of the lamps is due to a change in the properties of 
fused quartz. The purpose of the present investigation is to 
study the two phenomena a little more closely. 

As a result of extended photochemical researches in 
Prof. Balyas laboratories, a large number of old lamps 
of the U type have accumulated, and inspection of these 
shows that the following are the visible signs of ageing :— 

(1) The interior surface becomes co«nted with a brownish 
black deposit, which is especially noticeable at the thick 
-constriction. In many old lamps the discoloration is dis¬ 
tributed over the wljole U tube, and the deposit cannot fail 
materially to reduce the intensity of the transmitted light. 

(2) In some lamps the thick quartz at-the constriction 
appears to have been fractured internally, and globules of 
mercury are seen to be embedded at least a millimetre below 
the surface. In one case a white mass was seen to be 
embedded in the quartz. 

A number of worn out lamps were broken up and the 
mercury removed as completely as possible. The black 
deposit proved to be strongly adherent and resisted the 
action of strong acids. Boiling aqua regia exerled no 

* Communicated by Piof. E, C. C, Baly, F.R.S. 

4D2 
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eflect, and even a£ter the quartz had been left in contact 
with aqua regia for some months the stain appeared to be 
unafEected. If, however, a badly discoloured fragment of 
quartz was strongly heated in a blow-pipe flame, the black 
stain was gradually replaced by a white deposit, which 
again resisted the action of reagents. 

No emission of light was seen (vide infra) during 
the heating process. From this it would appear that the 
deposit is unlikely to consist of mercury or mercury com¬ 
pounds, but may possibly consist of elementary silicon. 
It has been suggested (Drane, Brit. J, Actinotherapy, June, 
1926) that in certain evacuated lamps having a tungsten or 
molybdenum anode, thin layers of compounds of these metals 
become deposited on the inner surface of the arc tubes and 
act as selective filters. Drane also states that a decrease 
in intensity is observed as the lamp is used, due essentially 
to partial devitrification of the silica glass of the arc tube.’’ 
Prolonged heating causes the amorphous fused silica to 
change over to tridymite and cristobalite in varying amounts, 
depending upon the conditions of heating and the presence 
of catalysts, if any. In this respect the hot mercury 
vapour is not witliout influence upon the devitrification 
which occurs upon the inner surface of the arc tube.’^ 
Drane’s remarks occur in a paper on ^^Tbo operation of 
quartz mercury vapour lamps,’’ and are only incidental to 
his main theme. The detailed evidence for these views and 
particularly for the part played by devitrification in the 
deterioration process does not appear to have been published 
as yet. 

It may be of interest briefly to summarize the evidence 
for deterioration. The formation of ozone in the surrounding 
air is much more noticeable with a new lamp than with an 
old lamp. From this it can be inferred {cf, Lenard, Ann, 
Physik, 1900, i, p. 486) that the emission of very short 
wave ultra-violet rays decreases with time. Spectrum 
photographs taken with Schuinannized plates show not 
only that the emission from an old lamp is materially less 
than that from a new lamp for all wave-lengths, but that 
the spectrum does not extend quite so far into the ultra 
violet. Actinometric records of the output at different 
stages in the history of a lamp exhibit the deterioration very 
clearly, and it is interesting to note that although a gradual 
decrease in emission is shown over the whole ultra-violet 
spectrum, a selective decrejise is manifest in the very short 
wave ultra violet. The falling off is most noticeable on the 
hort wave side of 250 
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In the figure the life-history of an atmospheric burner as 
given by three different chemical methods of gauging ultra¬ 
violet intensity is shown (for details of these methods see 
Gillam and Morton, Journ. Soc. Cbem. Ind, 1927, xlvi. 
p, 417) • It will be seen that the very high initial output is 
maintained only for a small fraction of the effective life of 
the lamp, but that the decrease in intensity tends afterwards 
to occur much more slowly. The nitrate actinometer {ibid. 
p. 415; registers the greatest drop in output, a fact of some 


Fig. 1. 



Decrease in output of a 230-volt atmospheric mercury vapour lamp with 
time. The carves represent the output as measured by: 


1. Anderson and Robinson’s method. 

2. The acetone-methylene-blue gauge. 

3. The nitrate method. 

significance, since the chemical change which is measured 
occurs almost exclusively with rays shorter than 270 pp. 
The spectroscopic and actinometric data we have obtained 
are perhaps a little unexpected. There are clearly two 
factors in the deterioration process, a shortening of the 
spectrum in the extreme ultra-violet and a gradual loss in 
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transmission of a less selective type. The relative impor¬ 
tance of these two factors changes considerably during the 
life of the lamp. In the early stages the quartz remfuns 
relatively free from dark stains or deposits, but the output 
decreases very rapidly and the deterioration is largely con¬ 
fined to the extreme ultra-violet. As the period of operation 
lengthens the short wave limit of transmission ceases to 
move in the direction of longer wave-lengths. The output 
does not, however, remain steady, but decreases uniformly 
over the speotrum, just as if an increasingly dense grey^^ 
screen were being interposed between the incandescent 
vapour and the arrangement for measuring the light intensity. 

In order to test whether the drop in output was due to 
the formation of a metastable variety of quartz less trans¬ 
parent than the ordinary variety, the atmospheric burner 
was emptied and the mercury removed as completely as 
possible. The lamp had been in use for nearly 200 hours. 
The whole of the lamp was carefully cleaned with nitric 
acid, washed thoroughly, and heated to redness. The mer¬ 
cury was then replaced and the output of the lamp again 
measured. No appreciable improvement occurred as a 
result of such treatment, showing that the deterioration is 
independent of the luminescence phenomena which will be 
discussed later. 

Several hypotheses may be formulated to account for 
these results. It is possible that light emission from the 
mercury permanentl}" affects the quartz in some way. 
Baly Q Spectroscopy,^ vol. ii. p. 332) writes as followrs : 

It is well known that fused silica in layers about 2 mm. 
thick is markedly transparent to ultra-violet light to as far 
as wave-length 1900 A. If this material is exposed to the 
radiation from a quartz mercury lamp for some days, then, 
providing it is kept cool, the silica develops an amethyst 
colour exactly similar to that of natural amethyst quartz. 
Not only has the silica now developed a visible colour, but it 
has also become opaque to ultra-violet light of short wave¬ 
length. This new condition of the silica is metastable, and 
if it is heated to about 500*^ 0., or if it is crushed, it emits a 
brilliant green phosphorescence, and returns to its normal 
colourless state which is transparent to short wave ultra¬ 
violet light.^^ 

Our observations confirm the above quotation, but we are 
satisfied that the phenomenon has little or no connexion with 
the problem of the deterioration as observed with the 230- 
Tolt lamps available to us. The runuing temperature is so 
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high that the new state would, as we shall show, prove quite 
unstable. A closer investigation o£ the effect o£ light pn 
fused quartz has shown that when a piece of the amethystine 
material is heated a thermo-luminescence occurs, and the 
quartz tends to revert to its original condition. Even more 
significant is the fact that the abj^orption spectra of irradiated 
and unirradiated fused quartz differ but little, and that in 
any case the difference could only account for a very small 
fraction of the observed deterioration. 

A second hypothesis may be formulated as follows : 
In the luminous mercury vapour a large number of excited 
atoms must exist, and collisions with the walls of the lamp 
may sometimes be inelastic and the reactions 


(1) . SiOs + Hg*=HgO ■ SiO, 

(2) . SiO -f Kg* = Si + HgO, 

(3) . 2Hg0=2Hg-h02, 

(4) . 2Si0:XSi+Si02, 

(5) . 2Si0+02=2Si02 

might all occur. 


If this view w'ere correct one might expect to find in an 
old lamp, silicon, silicon monoxide, and possibly silica formed 
in the cycle of clianges and deposited on the vitreous quartz 
surface. 

Silicon monoxide (see Meilor^s ^ Comprehensive Treatise 
on Inorganic Chemistry,’ vol. vi. p. 235) is a dark amorphous 
solid prepared by the interaction of silica and carbon in the 
electric furnace. It burns in oxygen, decomposes water 
with evolution of hydrogen, and is soluble in warm alkaline 
solutions. It inny now be asked whether the dark stain 
found on the inside of old mercury vapour lamps does in 
fact consist of silicon monoxide. It will be seen that the 
properties of the deposit {see above) are different from those 
of tlie monoxide, but are in agreement with those of silicon. 
Whilst there is therefore no evidence of the accumulation of 
solid silicon monoxide, it is scarcely possible to account for 
the observations without assuming its existence in the vapour 
state while the lamp is in operation. 

Bonhoeffer PhyaikaL Chem.^ 1928, cxxxi. p. 363) has 
studied the absorption spectrum of silicon monoxide vapouiv 
and has recorded bands at 241'4, 234*4, 234*2, 229*9, 225*6, 
and 221*5 /t/A. These observations are of great interest 
because they provide an explanation of the marked decrease 
in the output of ultra-violet rays in the short wave region 
of the speetram. If the ideas we have suggested are true^ 
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the dominating factor in the early stages of the deterioration 
will be the absorption of rays up to 242 by silicon 
monoxide vapour. On switching off the current some dis¬ 
sociation may occur, and the only possibilities are the 
deposition on the inside walls of a fresh layer of silica, of 
silicon, or of silicon monoxide in the solid state. Every 
time the lamp is used some silicon monoxide vapour must 
again be formed by the interaction of silica and activated 
mercury, and it is reasonable to expect that the solid deposit, 
whatevei* it may be, will gradually grow more dense. 
Minute specks of a fresh layer of silica or silicon will hinder 
the transmission of the vitreous quartz, and no doubt the 
concentration of silicon monoxide vapour in the discharge 
will approach constancj’. 

The two factors in the deterioration thus appear succes¬ 
sively, and the actinometric data are in complete agreement 
with this mechanism. 

An acceptable hypothesis should account for the fact that 
the hrovMi deposit first appears at the constriction on the 
negative arm of the lamp tube. Since activated mercury 
atoms have a very short life period of the order sec., 

the probability of collisions between activated atoms and 
silica is much greater in a more restricted space. Indeed, it 
may he stated that the deposit does in fact tend to occur 
preferentially wherever the shape of the tube causes the 
bombardment to be unusujilly severe. It will thus be 
seen that the observed facts are again consistent with the 
mechanism of deterioration which has been put forward. 

Unfortunately no very ready means of overcoming the 
ageing eftect emerges from the discussion. 

Although the phosphorescence of fused quartz now 
appears to have little connexion with the behaviour of 
mercury lam[>s, it is well worthy of study on its own 
account. Our experiments had been in progress for some 
time before we became aware of those of Bailey and 
Woodrow detailed in the preceding communication. On 
account of the very similar trend of the results obtained in 
Prof. Woodrow's laboratory and in the present work, it was 
thought advisable to publish simultaneously* 

A resuine of our experiments may now be given. In the 
first place it was found that the effect of ultra-violet rays on 
fused silica varied -with different specimens. Some turned 
out to be excellent phosphors,’^ whilst others were appar¬ 
ently quite ineffective. One sample gave a faint but 
unmistakable green phosphorescence immediately after the 
lamp was turned out, and in a dark room this light could 
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be seen for several minutes. Emission of light persists 
for a very long time, since images can be recorded on a 
photographic plate (exposure 12—48 hours, see Pi. XXIV.) at 
least a fortnight after activation. No difference is detectable 
between the images obtained with the quartz in contact with 
the emulsion, and the quartz separated from the photo- 
gi'aphic plate by a slip of glass. The emission which affects 
the plate must therefore consist largely of rays longer than 
325 pp, Sam})les which had ceased to phosphoresce visibly 
became luminous again on heating. This thermo-lumines¬ 
cence has been observed to occur in two stages. Gentle 
heat produces light of a yellow-green colour, whilst with 
stronger heating the emission is bi-ight blue-green. When 
a piece of activated quartz is heated with a fine blowpipe the 
yellow emission is seen to travel outw^ards from the point at 
which the tlaine impinges on the solid, and as tiie quartz 
becomes hotter a second zone of bluish light is seen to 
follow. The two plienoniena are quite di>tinct, and the 
zones may be a couple of centimetres apart. 

The light emission appears to correspond with (a) a highly 
unstable state, the return to the normal being accompanied 
by spontaneous emission of visible light ; (b) a less stable 
state, the reversion from which to the normal is accompanied 
by a slow spontaneous emission, which may not terminate 
for months, and is detected photographically ; fc) a meta¬ 
stable state, in whicli the absorbed energy can be retained 
practically indefinitely provided the (juartz be not heated 
much aliove room temperature. The three stages are thus, 
a phosphorescence of short duration, another of longer 
persistence, and a third thermo-luminescence effect. 

It is possible that (//) is merely a continuation at a 
low light intensity of the process which occurs in (a). 
The fact that two separate zones were observed in the 
thermo-luminescence’’ may mean that the entire sequence 
of luminescence can be obtained with freshly activated 
quartz on application of heat, the yellow light being due 
to the first fall in energy level (which normally occurs 
spontaneously) and the bluish light being due to the 
reversion to the normal state from the metastable state 
associated with the pink colour. These doubtful points 
might be cleared up if a spectrographic record of the wave¬ 
lengths emitted could be obtained. Unfortunately the 
intensity is too low for this purpose. In studjTng the 
relation between thermo-luminescence and temperature we 
have noticed no well defined discontinuity. A sample 
non-luminous at room temperature became feebly luminous 
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when dropped into water at as low a temperature as 55^0.^ 
but in order to effect complete deactivation it is necessary 
to heat at least as high as 400° 0. 

It is interesting to record that specimens of fused quartz 
from test tubes sent from the United States to Professor 
E. C. 0. Baly by Mr, W. T. Anderson, Jun., showed no 
sign whatever of phosphorescence or of thermo-luminescence. 
Natural rock quartz also appears to be completely unaffected 
by ultra-violet rays. There is no detectable difference in 
density between the specimens of fused quartz which show^ 
the phenomena and those which do not. Neither can we 
detect any change in density after irradiation. 

A small piece of optically true fused quartz (thickness 
0*1 in.) was obtained, and after prolonged irradiation under 
cold wafer was found to be activated in the sense that 
light was emitted freely on heating. Investigation of the 
absorption spectrum of this sample (which was very faintly 
amethystine), showed that no loss in transparency was 
detectable for ultra-violet rays longer than 220/x/4.. Con¬ 
siderable difficulty was experienced in determining wdiether 
activation resulted in the development of opacity in the 
region 200-220/i/x. Some experiments showed a distinct 
difference between the transmissions of the active and 
deactivated materials in this region, but the effect was on 
so small a scale that absolute certainty of its reality is still 
to be sought. In order to settle this point it seems necessary 
either to enhance the whole activation phenomenon or to 
increase the delicacy of the spectroscopic test. AVe find 
that fused quartz test tubes do not develop sufficient opacity 
to affect appreciably the readin.g with any of the well known 
chemical raetliods of measuring ultra-violet intensity. The 
activation of the quartz has, however, been found by Baly 
to result in a reduction of yield in photosyntheses requiring 
rays shorter than 220 fjbfju* 

If the activation process is concerned with metastable 
varieties of silica one might expect to find some evidence 
of incipient devitrification. Microscopic examination and 
experiments on polarization disclosed not the slightest trace 
of such an effect. This agrees with the density determin¬ 
ations since the values for various samples of fused quartz 
fell within the limits 2*210 and 2*228, whilst those of the 
rock quartz were 2*667 and 2*676. Since, however, the 
density, of cristobalite is 2*21, the measurements of density 
do not exclude devitrification. 

The above results seem to indicate that the phosphor¬ 
escence and thermo-luminescence of fused silica is due to^ 
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the presjence of a minute trace of impurity. Such an 
explanation is perfectly in accord with general notions on 
luminescence and is indeed supported by the uneven 
structure of the images illustrated. 

Preliminary attempts to prepare silica phosphors using 
oxides of heavy metals in small amounts, with sodium 
fluoride as a flux, have not so far proved successful. Such 
phosphors possess considerable interest because the trans¬ 
parency of the fused quartz medium or diluent should,, 
in favourable cases, allow the absorption spectra of the 
phosphors to be photographed. 

The observations of Chapman and Davies (^ifature,^ 1924,. 
cxiii. 309) and Ludlam and West (ibid. 389) and also of 
Curtis (ibid. 495) show' that quartz discharge tubes exhibit 
an intense phosphorescence after the current has been 
switched off. In all cases, it w'ould now seem as if the 
mechanism of activation is the absorption of radiant energy 
of very short wave-lengths (90-220 The phosphor¬ 

escence obtained bj'' using the light from a quartz mercury 
lamp as the source of activating rays is very much feebler 
than that obtained with discharge tubes in which ultra¬ 
violet rays in the Lyman region are freely generated. 
Nevertheless, the slow activation wddch w'e have studied 
seems to be essentially the same process, especially since 
the thermo-luminescence always appears, irrespective of the 
mode of activation. Ludlam and West favoured the view 
that the phosphorescence of transparent fused silica was 
due to minute traces of impurity, a conclusion strongly 
supported by our own observations. 

Summary. 

1. There are two factors operating in the deterioration 
of quartz mercury lamps, (a) a shortening of the spectrum 
confined to the extreme ultra violet, and (b) a non-selective 
loss in transmission. 

2. The first factor preponderates for the first 150—200 
hours and shows itself as a rapid fall in output. After 
this period the effect becomes fairly constant. During 
the subsequent history of the lamp the second factor plays 
an increasingly important part, but manilests itself much 
more slowdy. 

3. It is suggested that the first effect may possibly be 
due to the formation of silicon monoxide vapour inside 
the lamp, and the second effect may arise from the gradual 
deposition of a film of opaque elementary silicon. 
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4. The luminescent properties of fused quartz after 
treatment with uitra-\ioiet rays have been studied. Little 
or no connexion subsists between these properties and the 
deterioration of quartz iiiercnrj lamps. 

5. Three types of luminescence phenomena have been 
observed with transparent fused quartz : 

(a) a brief visible phosphorescence ; 

(h) a phosphorescence of long duration ; 

(o) a tliermo-luminescence. 

6. The balance of evidence points to the view that traces 
of impurity must be present in those samples of fused silica 
which exhibit luminescence. 

Chemical Department, 

The University, 

Liverpool. 


<JXII. 27ie JElectrification of' Air hif Friction, By Agnes 
W. McDiakmid, George A, Clark Scholar of the 

University of Glasgow 

A lthough a number of investigations have recently 
been described in which the charge of electricity 
produced by the friction of >olid bodies on one another was 
measured, it appears to be doubtful whether electricity can 
he produced by the friction of gases on solids. Lenard f 
stated that when a droj) of water splashes against a metal 
plate a positive charge goes lo the water and a negative 
charge to the surrounding air, and Kelvin J that air bubbled 
through water is negatively electrified. More recently 
experiments have been made with the direct object of testing 
the question whether electricity is produced between solids 
and gases. E. Perucca § found that mercury vapour flowing 
along a solid body produced electrification, while M. A. 
Schirmaiin |j stated that mercury vapour, when flowing at 
great velocity in a glass tube, produced sparks at the places 
of greatest friction. It is, however, not quite certain that 
the electricity developed in those experiments was not due to 

* Commuiacated by Prof. E. Taylor Jones, 
t Wiecl, Ann. xlvi. p. 584 (1892), 

J Proc. Boy. 8oc. xhii. p. 335 (1894'). 

S Zeits.f. Physik, xxxiv. 2-3, pp. 120-180 (1926), 

II Zeits. f. Pkysik, xlvi. 3-4, pp, 209-236 (1927). 
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minute drops of liquid or to particles of dust contained in 
the air. 

There seems to be definite evidence that dust clouds- 
become electrified when in motion, in which case the 
electricity is probably due to the impact of solid particles 
on one another. Also, it has been shown that the number 
of volts developed by blowing a given mass of dust into 
a cloud increases very rapidly as the size of the dust 
particles decreases 

It seems, therefore, not unlikely that a similar eflTect might, 
in suitable conditions, be produced by the impact of gas 
particle’s on a solid surface. The experiments described 
below were undertaken with the object of discovering 


Fi^. 1. 



B Tiwwtf. Insumto#? Of MeTAL. 

C. QiMUTZFOH IpiSULAT»ON 

whetlier or not electrification can result from the friction of 
dry, dust-free air with solid surfaces. It was thought that 
such an investigation might lead to the discovery of facts 
which would be of use in the formation of a theory con¬ 
cerning the nature of frictional electricity in general. 

Apparatus. 

The simplest method of bringing about friction between 
air and solid bodies appeared to be to make a current of 
air pass quickly through tubes of the various solids. Fig. 1 
is a diagram of the apparatus used. It consists essentially 
of a narrow tube B, and a copper vessel A. The whole 

♦ G, B. Deodhar, Proc. Phys. Soc. xxxix, part 3 (1927 ); and W. A. 
Douglas Budge, M.A., Proc. Roy. Soc. (IQld). 
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apparatus could be rendered air-tight by shutting stop- 
<3oek S, and evacuated by means ot* an oil-pump, a pressure- 
gauge registering the pressure to which it was evacuated. 
Tube B w«s insulated from A and from the stop-cock S by 
means of short but adequate lengths ot quartz tubing. The 
copper vessel, of volume about 5000 c.c,, was connected by 
thin copper wire to one pair of quadrants of a Dulezalek 
electrometer. The other quadrants were permanently earthed. 
The vessel stood on a slab of paraffin-wax and was protected 
from external influences by means of an earthed metal shield 
surrounding it. The wire from vessel A led to a mercury 
key, K, insulated in paraflin-wax, through which connexion 
could be made either with the earth or with the electrometer. 
The mercury key and the connecting wire to the electro¬ 
meter were surrounded by earthed metal shields, the key 
being worked by a long insulated handle protruding through 
the shield. 

It was necessary that the air used to produce the friction 
should be dry and perfectly free from dust. With this in 
view, in the first form uf the experiment S was joined to an 
earthed metal tube 12 in. x 1^ in., containing tightly-packed 
glass-wool, which in turn was joined to a U-tube containing 
oalciuin chloride. Several readings were taken with this 
form of drying and filtering apparatus, but it was felt that 
there was no proof that the smaller dust particles were being 
removed. Aitken*, in his paper On the Number of Dust 
Particles in the Atmosphere,” describes experiments in 
which he investigated the filtering powers ot* ditterent 
lengths of tightlj^-packed cotton-wool. By means of cloud 
experiments he concluded that filtration is perfect with 4 in. 
of tightly-packed wool, provided that the air is allowed to 
pass through very slowly. In the final form of the present 
experiment the air to be used for producing friction with the 
tubes was first passed very slowly through concentrated 
sulphuric acid and then through a glass tube l^in. in diameter, 
containing 8 in. of very lightly-packed glass-wool that had 
been soaked in concentrated sulphuric acid. From this the 
air passed through a stop-cock S' into a very large carboy, 
air-tight and connected to D, in fig. 1, then through an 
earthed metal tube, 1 in. in diameter, containing less tightly 
packed glass-wool. 

Stop-cock S' was shut and the whole apparatus, i, 
carboy and copper vessel, evacuated to a few millimetres 
pressure by means of an oil-pump. S' was then opened in 


* Trans. Boy. Soc. Edin. vol. xxxv. p. 1 (1890), 
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sucb a way that air entered extremely slowly into the 
apparatus, after havino- passed through the sulphuric acid 
and the glass-wooL Tliis procedure was repeated several 
times. Stop-cocks S and S' were then shut. This method 
of storing dried, filtered air was adopted so as to allow the 
piissage of air very quickly through tube B. It could 
only be passed through quickly if filtered beforehand. 

The essential difference from the earlier type of drying and 
filtering apparatus lies in the extremely slow passage of the 
air through the concentrated sulphuric acid and the tightly- 
packed glass-wool. 

The readings obtained with both types of apparatus were 
of the same order of magnitude. Various suspensions were 
tried for the electrometer needle, that finally used being a 
silk fibre coated with platinum, and this proved extremely 
sensitive. With 12 volts on the needle the deflexion of a spot 
of light thrown on a scale 90 cm. distant was GOO mm./volt. 
The scale was calibrated by the difference of potential due to 
a known current passing through a known resistance. The 
only drawback to this suspension was that, after a large 
deflexion, the needle took a few minutes to return to the 
original zero-point. The electrometer was used throughout 
at sensitivity varying from 300 to 600 mm./volt. The 
insulation of the apparatus was tested frequently. 

The friction tubes (B) used were of various materials., the 
insulators being glass, quartz, ebonite, and the metals iron, 
aluminium, copper, bras'j, lead. They were of various 
lengths and diameters and w'ere dried before insertion. 

T he apparatus, up to stop-cock S, was rendered air-tight 
by shutting S, and was then exhausted to any required 
pressure by means of the oil-pump. During this procedure 
the vessel A was earthed. The position of the spot of light 
on the scale was noted. The vessel and one pair of 
quadrants of the electrometer were then insulated by lifting- 
out key K. S was opened quickly, S' being kept shut, and 
dried, filtered air from the carboy rushed through B into 
vessel A. The deflexion of the spot on the scale and the 
time of inrush of the air were noted. 

In another form of the experiment the vessel A was kept 
earthed, and tube B, if of metal (or a tinfoil covering wound 
tightly round B, if B was of insulating material), was 
connected with the insulated quadrants, the tube B being in 
evei'v case surrounded by an earthed shield. The tube B was 
earthed while the apparatus was being exhausted, then B 
was insulated, air allowed to run through, and the deflexion 
noted. 
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The main idea o£ the experiment was thus to allow dry, dust- 
free air to pass rapidly through tubes of various materials, 
and hence into a metal vessel, either the vessel or the tube 
being connected to one pair of quadrants of the electrometer. 
The insulation of the apparatus was very satisfactory, and 
when the vessel was unearthed by raising key K, no 
deflexion o£ the needle was observed until air rushed through 
tube B. The capacity of the apparatus was determined 
approximately, and from the capacity and the potential 
corresponding to any deflexion of the needle the charge on 
the vessel A or the tube B could be obtained. 

Results» 

At first no attempt was made to obtain quantitative 
results, the primary objective being to discover whether the 
air and the tubes did actually become charged by the friction 
between them, owing to the air running through the tubes. 

In every case, botli with metals and insulators, a measure- 
able dedexion of the electrometer needle was noted, showing 
that the passage of air into vessel A through tube B changed 
the potential of vessel A. 

The potential to which vessel A w^as raised was of the 
order of magnitude of 1 volt, the charge given to it being 
of the order of | e.s.u. 

It was also found invariably that the deflexion obtained 
when vessel A was connected to the electrometer was 
opposite in sign to that obtained when tube B was connected 
to the electrometer. That is, the charge on vessel A, after 
the inrush of air, was opposite in sign to that on tube B. 

Insulators 

In each case, when a tube of insulating material was 
used, it w^as found that a second rubbing produced only a 
small deflexion, but that if the tubes were allowred to rest 
for a day or so, or in the case of glass or quartz were heated 
strongly, sometimes w^hile still inserted in the apparatus, and 
then allowed time to cool between rubs, the deflexion of the 
electrometer needle was approximately the same as at the 
first rub. This w^as the case both when the vessel was con¬ 
nected and when the tube was connected to the electrometer. 
Thus, for example, a quartz tube 1 cm. X 61 cm. gave on one 
occasion, on successive rubbings, deflexions 4- 90, +15, +12, 
+10, whereas, after heating the tube strongly and rubbing 
it one hour later, the deflexion was -f 102. Again, a glass 
tube, 7 mm. x 79 cm., gave on successive rubbings —600, 
—55, —20mm. deflexion. Another glass tube 6 mm. x 79 cm. 
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gave, when the rate of inrush of the air was very small, a 
deflexion —30 mm. At the second rubbing the speed was 
greatly increased and the deflexion was —75 mm. A third 
rubbing at this increased speed gave —10 mm. 

These facts seem to point to the existence of a maximum 
charge for each tube, independent of the amount of air that 
passes through it. 

Various experiments axso pointed to the fact that the charge 
developed depends directly on the length of tube B, other 
things being equal. Thus, a tube 7 mm. X 79 cm. gave on 
one occasion a deflexion —246 mm. This tube was allowed 
to rest and 46’5 cm. of it were cut off and rubbed under the 
same conditions as before. This time the deflexion was 
— 154 mm., so that the charge developed on the air was 
directly proportional to the length of the tube. Many 
experiments confirmed this. 

Occasionally reversals in the sign of electrification were 
noted. The general conclusion was, however, that the 
charge on the glass and ebonite used was positive, and on 
the quartz negative. The vessel A, and hence the air, was 
charged oppositely to the tube in each case. 

A very large number of experiments were made, especi-^ 
ally with glass tubes of various bores and lengths, and with 
various velocities of flow of the air. The difficulty of 
obtaining exact quantitative results, e,g.^ as to effect of vary- 
ing velocity of flow, of difference of bore, of varying length 
of tube, lies mainly in that of keeping the state of the surface 
rubbed exactly the same in different experiments. The 
changes in the state of the surfaces due to exposure to the- 
atmosphere, and also to the friction, make exact results on 
such points difficult to obtain. These changes in the state of 
the surfaces may also account for the occasional reversals in 
the sign of electrification. Owing to the difficulty of keeping 
the surfaces in a definite state the quantitative results 
varied considerably on different occasions, but provided the 
rubbing tubes were examined after given treatment the 
results were always of the same order of magnitude. 

A series of experiments with glass tubes, all of length 
78 cm. and of bore varying from ^ mm. to 1'5 cm., seemed 
to point to the fact that the electrification increases with the 
speed of flow. Some of the results are given in the following 
table:— 


Bore in mm. 

0-5 2 4 5 

7 

10 

Time of flow in secs.... 

300 S8 8 7 

6 

5i 

Deflexion in mm. 90 150 505 

Phil. Mag. S. 7. Vol. 6. No. 40. Dec. 1928. 

845 

950 

4E 
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The above series would seem to point to a limiting: case in 
which no tube is present and the air rushes directly into 
vessel A without previous passage through any narrow tube. 
To investigate this a cylindrical brass vessel, A, was 
used in the same position as A in fig. 1. The saine pre- 
oautions about insulation, etc., were taken. A hole 2 cm. 
in diameter was cut in one end of the vessel, and this was 
filled up with a plug of paraffin-wax, as thin as possible, but 
able to stand the strain when A was exhausted to a pressure 
of a few, millimetres. A length of steel rod, 25 cm., was 
sharply pointed, and to its blunt end was attached a length of 
ebonite tubing wdth a cross-piece of ebonite to act as an 
insulating handle. The metal part was earthed, and pre¬ 
cautions were tuken to prevent charging of A hy induction 
when a hand holding the sharp rod was brought near A. The 
procedure was to exhaust keeping it earthed, and then 
to push the steel point into and through the plug of wax. 
This held the vacuum. A was then unearthed and insulated. 
The spot of light on the scale remained steady, showing that 
the insulation w'as satisfactory. The steel rotl Avas then 
pulled out and air rushed through the orifice thus made 
into the vessel. The spot of light remained steady, showing 
that no charge was produced by the inrush of air through 
the orifice. The size of the opening was varied so that 
the time of inrush of the air varied from 7 seconds to 
14 seconds. In no case was any deflexion of the electro¬ 
meter needle produced. It seems, then, that the presence of 
a tube was necessary to produce the electrification, and that 
the fact that wider tubes gave a bigger charge was due to 
the fact that they also permitted a greater velocity of flow. 

This point was then tested directly with several tubes, 
For a glass tube 7 min. x 79 cm., when the time of flow 
of air was 7 secs., the deflexion was —246, while when the 
time of flow was 45 secs, the deflexion was —10, and when 
it was 9 secs, it was —130. These results are typical and 
point to the fact that electrificaiion of the air increases \\ith^ 
its velocity of flow through the tubes. 

Metals. 

The metals used were iron, copper, brass, and aluminium, 
and were of the ordinary commercial grade of purity. With 
these, reversals in the sign of electrification were more 
frequent than with the insulators. The general conclusion 
was, however, that the charge on the brass and copper was 
positive, and on the iron and aluminium negative, the air 
being oppositely charged in each case. The results obtained 
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as to the effect of* varying the speed o£ flow and the length o£ 
the tube were the same as in the case of insulators. 

General Conclusions* 

The results detailed above established at least the fact 
that the passage of a rapid current of air through a tube 
causes the current to carry with it charged particles of air 
and leaves the tube oppositely charged. According to the 
kinetic theory of gases the collision frequency of particles of 
the gas with one another and with the walls of the tube 
is increased by a negligible amount by the flow of the 
gas. It would thus appear probable that the quick flow 
of the current of air through the tube into the metal 
vessel is not primarily the source of the charged particles of 
air but serves mainly to remove from the vessel particles of 
air that have been charged by impact, due to their molecular 
motion, with the walls of the tube. 

In May of this year J. Tagger * published a paper 
describing experiments wdierein he measured the potential 
to which a horizontal helix of chrome-nickel wire, from 
which the surface layer of gas had been removed, was 
raised, whilst near its melting-point, by the impact of the 
molecules in the mass of air surrounding it. With high 
temperatures, i. temperatures near the melting-point, a 
potential of 30 volts was reached. 

There remains to explain the fact that the charge increased 
with increase in velocity of the air through the tubes. 
Three possibilities suggest themselves :— 

(1) The inrush of the air through the tube gives to the 
molecules a slightly larger velocity component in the 
direction of the flow. As the impacts of the mole¬ 
cules wdth the tube are in all directions, the 
charges produced in air at rest may balance one 
another. The additional velocity component in a 
fixed direction, though small, caused by the motion 
of the air through the tube, may call into being 
charges Avhich will not be balanced by any other 
charges. 

Quick motion of the air through the tube may be 
necessary to prevent the charges on the air and on 
the tube from re-combining and so masking the 
effect. 


♦ Phys* Zeits, xxix. pp. 304-308, May 15 (1928). 
4 E 2 
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(3) Slow motion o£ the air through ihe tube may enable 
the tube to adsorb a layer of air so that only a very 
small part of the air passing through the tube is in 
actual contact with the material o£ the tube, or at 
least with a material different £roin itsel£. Only the 
air which passes through first will be in such 
contact, the remainder coming into contact only with 
a film of air. 

Tagger’s experiments, in which no restraint whatever was 
put on the direction of impact of the particles of air and the 
wire, seem to nullify the first alternative, although the two 
experiments differ so much as to make comparison difiicult. 

In conclusion, the w^riter wishes to express her thanks 
to Professor Taylor Jones for his continued advice and 
encouragement and for many’ helpful suggestions. The 
experimental work was performed in the Research Labora¬ 
tories of the Natural Philosophy Department of the 
University of Glasgow. 

October 1928. 


CXIII. Development of Formulae for the Constants of the 
Equivalent Electrical Circuit of a Quartz Resonator in 
Terms of the Elastic and Piezo^Electric Constants* By 
P. Vigoureux, M.Sc.^ of the National Physical Labora-- 
tory *. 


C ONSIDER a parallelepiped of alpha or low temperature 
quartz cut with its edges parallel respectively to the 
optic axis o, the electric axis and that axis which is 
perpendicular to o and to and which we shall call the 
third axis, t, and let a, and t denote the lengths of the 
edges of the parallelepiped. 

If the potential difference between the two faces perpendi- 

F 

cular to e be V, and the stress along « be —, in the 

” ot 

direction tending to produce extension, the extension y of 
the axis e, and the charge Q liberated at either of the 


o. t faces, are given by the formnlse : 

y = KoF-HV,.(1) 

Q = KiV + HF,.(2) 


* Communicated, by permission of the Radio Research Board, by Sir 
J. E. Petavel, K.B.E., F.R.S, 
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where o, t^ e, y are in centimetres, Q and V in electrostatic 
"C.g.s. units, and F in dynes ; H is the piezo-electric constant, 
of value approximately 6*4x10’®; K, is the capacity 
between the two o . t faces, namely, 

K,= —-P,.(3) 


where P, the permittivity, is approximately 4’55 ; the value 
of Ko is readily calculated from the equation 


and found to be 


stress = E . strain. 


^ _1 




The dimensions of H in electrostatic units are Li 

The coefficient Ko is not a capacity ; formula (1) shows that 

its dimensions are 'P. 

The modulus of elasticity E is generally taken as 7*85 x 10^^ 
dynes per cin.^ along e and t ; it has a higher value along 
the axis o. 

The signs of the terms HV and HF in equations (1) and 
(2) depend upon the direction o£ the applied electric field 
and the orientation of the parallelepiped with respect to 
certain angles and edges of the complete quartz crystal out 
of which it is cut, but in any pair of equations such as (1) 
and (2) the signs are always opposite. 

If there be, as before, a difference of potential V between 
the two o.t faces, and if the stress along the third axis t 
F 

be —, the ^extension ift of the axis t, and the charge Q 
liberated at either o. t face, are given by the formulae : 


y, = KoF+^HV,.(5) 


Q = KxV-^HF;.(6) 


the value of is, of course, the same as before, but the 
value of Ko is now 


Ko = 


t 1 
oe E 


(7) 


If no stress be exerted by mechanical means, and if the 
notential difference applied between the o . t faces be alter¬ 
nating, the forced extension produced will also alternate, but 
will be so small that it could only be detected by using a 
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very high voltage between the two o , t faces ; if, liowever,^ 
the frequency of the applied difference of potential happens 
to coincide with one of the natural frequencies of the 
parallelepiped, the amplitude of vibration is greatly in« 
creased, because of resonance, and can be detected in several 
ways. In particular, the difference of potential may be 
applied by means of two metal plates of dimensions o . t placed 
close to the o . t faces of the piece of quartz and connected 
to the terminals of the condenser of an oscillatory circuit 
tuned approximately to one of the natural frequencies of the 
quartz, the coil of the oscillatory circuit being loosely 
coupled to the output coil of a valve generator. As the 
frequency of the generator passes through the natural 
frequency of the quartz, the quartz vibrates strongly and 
reacts on the oscillatory circuit, causing a diminution of 
current in the coil. This reaction was first observed by 


Fi^. 1. 


-'VX? —VWAV- 






•o 


Oady^^\ and was later studiod in considerable detail by 
D. W. Dye^^\ who showed experimentally that the behaviour 
of the vibrating quartz was nearly identical with that of a 
circuit shown in fig. 1 ; the capacity marked K 2 in the 
figure is that of the air-gap between the electrodes and the 
quartz^, and is independent of the properties of the quartz. 
It is the object of the present paper to show how the 
effective inductance N and the effective capacity K can 
be estimated from the dimensions of the quartz, its modulus 
of elasticity, and its piezo-electric constant. 

This problem is intimately connected with that of longi¬ 
tudinal vibrations. It is convenient first to calculate the 
simpler case by working out expressions for a thin bar ; it 
will be assumed that the variations which take place in its 
cross-section during the vibrations are negligible. This 
condition is not strictly satisfied, but the influence of the 
effect on the final results is very small indeed. 

A bar of length supported at its middle point, is 
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subjected to a periodic stress ^ ^ <5os wt^ assumed unK 


for inly applied throughout its length. We write here 
ty=27rn, where n is the frequency of the applied stress ; it is 
required to calculate the displacement z of any point m at 
any time t. It is obvious that, since we are concerned with 
vibrations at or near resonance, the damping is of prime 
importance in determining the amplitude of the resonant 
vibrations ; if it were neglected the equation of motion 
would lead to an infinitely large value for z at resonance. 

Taking the origin of coordinates at the middle point of 
the bar, and writing E for the modulus of elasticity, s for 
the specific gravity, and Q for the damping coefficient, the 
equation of motion is 




. . ( 8 ) 


W'hich is the form given by H. Lamb and applied recently 
by Cady^^^ to the particular problem of quartz resonators. 

The coefficient Q includes not only the viscosity, which is 
smalls but also the air-damping and the resistance to motion 
due to the mode of support of the bar and to other causes. 
The term representing air-damping is usually written as. 


p5Z 


but the particular integral of the above equation 


being identical with the particular integral of the equation 




(9) 


it is permissible to represent the whole of the resistance due 
to motion by the single term The value of Q is 

0«.r Qv 

in all cases very small compared with where e is the 

E 

length of the bar. Writing a” for —, we have 




0.0 


. ( 10 > 


Two sets of conditions are required for the complete solution,^ 
namely tlie initial conditions which serve to determine the 
complementary function, and the boundary conditions which 
are used in the calculation of the particular integral. 
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The initial conditions give the state of the bar just before 
the periodic stress is applied ; they are, say, 

and |f=/*W, • . • (11) 

where fi and are functions of They might even both 
be zero in our case, but will be considered arbitrary for more 
generality. 

The boundary conditions supply data relating to the state 
of the bar at one or more particular values of x at any time 
In the present case they are that 

when .r=:0 2 : = 0, ..(12) 

when « = . (13) 

for since the ends of the bar are free, the stress there cannot 
be influenced by the motion of the bar, but is equal to the 
applied stress. 

Since the force impressed on the bar is of frequency n, 
part of the motion must take place at this frequency \ the 
particular integral will be 

F(ir) costct + Fi(^) sin wt^ 

where the functions F(a?) and Fi(a:) are determined by the 
boundary conditions. 

The solution satisfying the equation (10) and the boundary 
conditions (12) and (13) is 

^==2Afc€ €2/ sm-(2i-f-l)^ 

0 e ^ ' 


+ F(^) cos wt + Fi(.r) sin tot,.(1^) 

with the conditions that 

F(0) - Fi(0) = 0, 

^ . ( 15 ) 
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here the symbol ^ ” represents differentiation with regard 
to X before substitution of \e for w* 

The first part of the solution decreases rapidly with time, 
and after a very short interval the particular integral alone 
is of importance; moreover, the degree of damping is 
greater for the overtones than it is for the fundamental, 
eince it is 

€- 

and the transient free motion therefore becomes more and 
more nearly sinusoidal before vanishing. 

Once F(^) and F|(^) have been determined, the co¬ 
efficients Kk and can, if desired, be calculated by the 
method usually employed for the Fourier series. 

Making use of (11) and putting f=0 in (14), we have 

= 2 A& sin - (2A + 1 ) 0 ? + F(^); 

0 ^ 

therefore 


r f\{x) sin - (2A + l)a? dx 
Jo ^ 


=r r F(4?)sin- {2k + l)xdx^ (16) 

Jo ^ 


from which A^ is calculated. 

In the same way, when t=0, 

n{‘V) = |f = 2- iQ^(2^ + IfKk sin - i2k + 
Qt Q e e 


+ 2-(2A + l) 
0 0 


y/a»- Q sin ^ (2k+ l)a? 


+ ioFi(a?), 

and proceeding as before, we find 

j 4W sin — (2^ +1) X dx 
Jo ^ 


+J {2k a»- 
r^* ^ . w 

+ to I Fi(a!) sin-(2^+!)»«?*.(17) 
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The values of Ajc and are thus given by equations (16) 
and (17), and can be evaluated when the functions 
and Fi are known. 

In the present case we are not concerned with the values 
of Ale and but only with the steady motion, and need 
only find F and Fi. 

The particular integral is 

= F(a?) cosz^?^+Fi(a^) simvt^ . . . (18) 

w^here F(ar) and Fi(^) must satisf}’' the general equation and 
the conditions (15), namely 

F(0) =.F,(0).=, 0, 


F^{y) 


F. 




Fliie) = 0 . 

The procedure is to substitute for ^ and its derivatives in 
equation (10), and to equate the sine and cosine terms, thus 
obtaining two simultaneous differential equations in F and 
Fi from which F and Fi are determined "by a linear dif¬ 
ferential equation of the fourth order. This equation is 

[(A^ + i^Q")D" + 2aWD2 + u;^]F = 0, . . (19) 

and the same for Fi. 

The expression for F, deduced from the above equation, 
thus contains four arbitrary constants, as also does the 
expression for Fi, but the eight constants are related by 
four equations, which are easily obtained by substituting the 
values of F and Fi in either of the original simultaneous 
differential equations in F and Fj. 

It therefore remains to determine only four constants from 
the four boundary conditions (15), when the following final 
result is obtained ; 


F = 2 A cos vx sinh ux-^- 2B sin vx cosh nx^ 
Fx == 2B cos vx sinh tix —2A sin vx cosh ux^ 

where 


m 


2 ^ _ lo_ u cos ^ev cosh \eu — v sin ^ev sinh \ eii 

{u^ 4*(cos^ ^ev cosh^ ^eu -f sin^ ^ev sinh^ ^eu) 

and 


2B = 


Fq sin ^ ev sinh ^eu + v cos ^ev cosh ^eu 

otFj {u^ 4 ?/-*) (cos^ ^ev cosh^ ^eu 4* sin^ ^ev sinh* ^eu) ' 


( 21 ) 
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with 

2 1 w^( -f —a®) 

2 _ 1 4* a^) 

^ ““2 + 1 ’ 

To find the total extension of the rod at any instant we must 
double z and write for w. We then obtain, after a very 
simple reduction, 

^ Fo 1 sinh -f“ sin 

y = 2 -^T”2-;-u- 

otJii -f cos <?t’ + cosh eu 

4-9 ^0 1 ^ eu^u sin gu 

4 - cos ev 4- cosh eu * ^ ^ 



In the present case the stress 


ot 


is produced by the dif¬ 


ference of potential between the oA faces, according to 
equations (1) and (2). From equation (1) we see that a 
difference of potential Vq tends to produce an extension 

J£ 

— HVq which is equivalent to a force — Yq. 


Equation (1) shows that the restoring force for an exten¬ 
sion ^ is 


V + HV 
Ko • 


This, being a restoring force, is in the negative direction 
according to the convention adopted ; when it is substituted 
for F in equation (2), we obtain 

q = k,v-h^M 

iXo 

= (Ki--g^)V—. . . (24) 


an expression for the total quantity of electricity through 
the resonator at any time. 

Writing 

H 

V = VoCcsM>< and Fo®* —g-Vo, 
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and substituting the value of y from equation (23), we obtain 
for the quantity of electricity 


Q =^K,—^)VoCostttf 


+ 2^. 


1 M sinh cu + tj sin ev 


+ 2 


Ko® otE +o® cos ev +cosh eu 

H® Vo 1 rsinheu—n sin or 
Kn® otE w* + »® cos ev + cosh eu 


coswt 


sin to^. (25) 


Fir. 2. 

N 5 

—VWWWVV-1 p 



This expression is comparable with that for the quantity of 
electricity through a circuit represented in fig. 2, where we 
easily find 

Q = KjoVoCosto^ 




K 




1\® '® 


Vocostof 


+ W®S® 


^«,2N-iy + io®S* 


Vosinwt. . . . (26) 


In order that the two expressions may be identical, we 
require 


Kio = K,-^,.(27) 

u _9^ L 1 u sinh eu H* v sin ev 

U* + W^** ^ + co%ev + co^\im ’ 


W ^ BP 1 v sinh eu—ii sin 

U® 4* ** E -f cos ev 4 cosh eu ^ 
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in which we have written for brevity 

u;2N-g=U, 


= w. 

It is easily found from the above that 

. • (28) 
. w (29> 

For all the resonant frequencies of the parallelepiped is 
small compared with and we have from equations (22)^ 
the approximate relations : 


u=. 


1 Ko^ ^ u sinh eu^v sin ev 

2 ^ cosh eu - cos ev ’ 


W 


IKo* y V sinh eu~-u sin ev 
2 ^ cosh cos 


w 


Iw^Q 

u = ^ 


2 a 


3 ^ 


sinh eu = eu = \e 




> 


coshra = l + 

"4 a® 


* • ev) 

sin ev = sin —, 
a 


cos ev = cos 


ew 


Therefore 

w . ew 

1—cos- 

a 


5! H* a 2 a 
iKo* 


iKo* ^T^w, (n I i\ 

= ofB -tan { (*+iV- 2 IT/ 
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Bat the condition for the resonance of the circifit of fig. 2 is 
that U should be approximately zero, so that 


,, ,, Yew 


0 


or 


n^(2i- + l)£, . 

^here n denotes the frequency. 

For "the fundamental mode of vibration 


a 


'2e 


We have 


. (30) 


TT TVT 2 1 ^ J. 3 ^ 

U = g = — K cot \e-:< 


2H" 


To obtain the separation of N and K, differentiate this 
expression thus : 


dw 


= o^E - cot \e — 

2 H* a a 


,1t4? 1 e 2 1^- 

+ oTT? ~ -r ~ cosec^ \e — > 
2 a ta ^ a 


and since near resonance 


we have 


cot 0 and cosec ie - .1, 

^ a • ^ a • ’ 


* 4 H* 2 a'* 


-i 

^.Ko*M 
~ H® « ’ 


(31) 


where s is the density and M the mass of the bar* 

Near resonance the value of U is approximately zero, so 
that 

NKto^ = 1* 

Substituting in this the values of n and N as found by 
equations (30) and (31), we obtain' 
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. 8 4 : 0 ^ 

' Ko* otes 49r* I2k +1) V 


. 8 .. 1 
“Ko^ir® “(2A + 1)‘-* 


(32) 


by making use of the expression for Kq, formula (4). 

The expression for S can be obtained in the same manner 
from equation (29)- by calculating the value of w, from 
which it is found that 


. MKo*(2i-+l)2 . 

“ 8 e* ^ 


. . (33) 


This expression for S is of no direct use, because Q 
represents several types of resistance to motion, the chief of 
which are viscosity, air-damping, and the effect of the support 
of the bar. The resistance S also includes the effect of 
dielectric loss in the quartz, due to the electric fields produced 
by the alternating stress. The value of S is determined 
directly from the reaction of the resonator on an electric 
circuit by methods developed by W. G. Cady^^^ atid 
D. W. Dye^^^. The above analysis therefore leads to the 
conclusion that the |>iezo-electric quartz bar, in the neigh¬ 
bourhood of one of its resonant frequencies, has the same 
impedance as an electrical circuit made up of a resistance S, 
an inductance N, and a capacity K in series, shunted by a 
condenser Kio, as in fig. 2, where the values of N, S, K, 
Kjo are given by formulae (31), (33), (32), and (27). 

The auxiliar 3 " quantities M, K, and Kq are 

M = ote . 5, 





(3) 


.w 

In the case of a disk cut perpendicular to the electric axis 
and vibrating along the electric axis, the product ot, 
•wherever it occurs in the forinulse, should be replaced 
by wo®=7rt*, the sectional area. 

Similar formulae hold for vibrations along the third axis t, 

if instead of H we write - H, and if we use for K the value 

e 

given by formulse (7), namely — The values of K and 
Kio are therefore the same as before, and N is altered in the. 
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ratio o£ m that the resonant frequency is altered in 

the ratio o£ e to t. 

The above values hold only in the neighbourhood of 
resonance ; by this we mean that they hold good for all 

values of — for which one can write without great error 



Thus, whenever the value of w is such that 

is small compared with unity, the electrical circuit gives a 
good representation o£ the quartz resonator. 

Since the decrement of quartz is very small, and therefore 
the range of frequency over which it reacts on an electrical 
system only a small fraction of the fundamental frequency— 
at most one in a thousand, and generally not more than one 
in five thousand,—^the above condition is always satisfied for 
the range of frequency with which we are concerned. 

The equivalence between mechanical vibrating systems 
and electrical oscillatory circuits is, of course, well known, 
and S. Butterworth pointed out several years ago that 
many problems could be simplified by making use of the 
analogy. W. G. Cady subsequently mentioned the equiva¬ 
lence in the particular case of quartz rods, and K. S. Van 
Dyke gave expressions similar to the above for N, K, and 
Kjo- 

The equivalent capacity K can be measured experimentally, 
for example by D. W. Dye’s methods, and the average 
piezo-electric constant H can be calculated from formula (32). 
This requires that the quartz should be free from electrical 
twinning as well as from optical twinning, a condition very 
rarely met with even in the best specimens. An important 
figure, which is in some ways a measure of the suitability of 
the quartz for resonators and oscillators, is the ratio of Kj to 
K. From equations (3) and (32) this is found to be for 
the fundamental: 

K - 32 E ’ 

which, with the values of H, E, and P, given at the 
beginning of this paper, is 140. Most pieces of quartz give 
a value well above this figure, but the nearer the value is 
to 140 the better is the quartz, provided its damping S is low. 
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It is necessary to point out that the overtone frequencies are 
not given exactly by the formula (30): 

n = (2i "h 1) ^ 5 . . • . • (30) 

where k is an integer, because the formula was developed 
without taking into account the lateral motion of the 
vibrating bar. For a long thin rod the variations are 
small, although irregular, as shown by Giebe and Scheibe^^^ 
An important result can be deduced from the above 
analysis, concerning the strain at any point of the vibrating 
rod. Since in all cases u is small, approximate expressions 
for 2A and 2B of formula (21), in the neighbourhood of 
resonance, are 

2A = constant. w, 

2B = same constant. 

a 

In an approximate expression we can neglect A in comparison 
with B, and we obtain 

Z = F cos Fi sin wt^ 

substituting for F and Fi by (20) gives 

Z = constant (sin va^ cosh ux cos wt + cos vx sinh ux sin wi)^ 

and since x is never greater than 4 sinh ux can be neglected 
in comparison with unity, and the simple expression for Z is 

Z = constant. sin vx . cos wt. 

The displacement is therefore sinusoidal, being zero at the 
centre and a maximum at the ends, where ±1^? and the 
strain is a maximum at the centre and decreases to zero at 
the ends. This was illustrated in a beautiful manner by 
Giebe and Scheibe with their luminous resonators. 

This work has been carried out under the auspices of 
the Radio Research Board, to whom thanks are due for per¬ 
mission to publish. 
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CXIV. l^he Power Relation of the Intensities of the Lines in 
the Optical Excitation of Mercury ,—Theory I. By E. 
Gayiola, Ph,D,^ Fellow of the hitemational Education 
Board 

I N a former paper by Wood and Gruviola f we have seen that 
the prediction of Wood J, that the intensity of some of 
the mercury lines appearing in the fluorescence of the 
optically-excited vapour (3650 for example) should be pro¬ 
portional to the cube of the exciting intensity, while others, 
such as 3654, 4358, etc., are proportional to the square, and 
others (2537) to the primary intensity itself, has been 
proved experimentally in a large range of variation. It has 
been found, for instance, that a 10*5-fold increase of the 
intensity of the exciting light was able to increase the 
intensity of the fluorescence line 3654 about 120 times, and 
of the line 3650 no less than 1200 times. The optically- 
excited vapour represents then a light-source which radiated 
energy, regarded in the light of the line 3650, apparenth' 
increases with the third power of the absorbed energy, or at 
least with the third power of the exciting intensity. This 
iseems to be in contradiction with the principle of conser¬ 
vation of energy, and one must ask oneself, if it were 
possible to iticrease a hundred-fold the intensity of the 
mercury arc, would 3650 increase a million times in its 
brightness? And if so, where would the energy come 
from? To answer those questions it is necessary to make a 
q[uantitative study of the relations between the intensities of 
the primary exciting lines of the arc and of the secondary 
fluorescence lines in the vapour. We shall see that this 
theory will enable us at the same time to explain many of 
the results of Wood’s experimental observations that could 
not be understood otherwise, for instance, the differences in 
the falling off of the intensity of the diverse lines along the 
cross-section of the tube when viewed ^^end on,” and the 
< 5 hanges in the intensity curves if gases are admitted to it. 

The Intensity of Z&50, 

If we consider the diagram of energy levels of fig. 1 we 
^see that the line 3650 is emitted by the 3^Ds level. Its 
intensity is then proportional to the number of atoms that 

^ Communicated by Prof. R. W. Wood, 
t Phil. Mag., Aug.* 1928, p. 352. 

X R. W. Wood, Phil. Mag., Sept. 1927, p. 471. 
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happen to be excited in that level. This level is reached in 
onr ease of mercury vapour at room temperature, where the 
time betw'^eeii two collisions is large in regard to the life¬ 
time of an excited atom, so that collisions of the first or 
second kind do not play a significant role, only by the 
absorption of the line 3b50 of the arc by the atoms on the 
level 2 ^F 2 * We will call N, etc., the number of 

atoms in the different levels, as illustrated by fig. 1 . the 
number of atoms in the level is then proportional to 

and to the intensity of the line 3650 of the arc, that we 
will call Iseso or simply I 3 . It is then 

, 13550^ 

where c is a constant factor that does not interest us for the 
moment. 


Fig. 1. 



The level 2^^^ is supplied with electrons chiefly by the 
emission of the line 5461 by atoms with electrons on the 
level 2^Si. llie emission of 3341, 3663, 3654, and 3023 
by the fluorescent vapour also brings electrons to that level 
(fig. 2 ), but the sum of the intensities of these lines in 
fluorescence is about 0’08 of the intensity of the green line 
5461, so that one can neglect them in a first approximation. 
This is the reason why Wood found that only electrons 
coming down from 2 ^Si seemed to be effective in producing 
the absorption and re-emission of 3650. The absorption 
o£ 4358 in the exciting light by means of a filter placed 
between arc and tube made 3650 practically disappear, in 
spite of the fact that 3131 and 3650 were not reduced by 
the filter The number of atoms on the level of 2 ^p 2 is 
then proportional to the intensity of the green line in 
fluorescence that we will call 35431 . In general we will denote 

Phil. JMag., Oct. 1926, p. 786. 

4 P 2 



1156 Dr* E* Gariola on the Power Relation of the 

the intensities of the arc or exciting lines by and the 
fluorescence or re-emission lines by 3^8* Js 46 i is on its 
side proportional to N®, the number of atoms in the level 
2®Si. The level 2^Si is reached, as we shall see later, mainly 
by absorption of the arc-line 4358 by the atoms in 2^Pi,, 
so that 

N.^l4358.N,,. (2> 

Finally, the 2*Pi level is fed by the absorption of the 
resonance line 2537 by the normal atoms N, 

.(3> 


Fig. 2. 



This last expression needs a justification : 2^Pi is not only 
supplied with electrons by the absorption of the resonance 
line, but by the emission of 4358, 3131, 3125, 4077, etc., 
by the fluorescent vapour, which brings atoms down to that 
level. But the sum of the intensities of all these lines is 
small in comparison with the absorbed intensity of 2537, 
which shows that the number of atoms that reach that level 
from below is large in proportion to the number of atoms 
that fall from above. Furthermore, the intensity of 2537, 
emitted as resonance radiation, is many times (about 1000 
times) stronger than the added intensities of all the 
fluorescence lines footing on 2®Pi, which shows that most 
of the electrons raised to that level by the absorption of the 
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arc-line ^537 fall back to the normal level again, emitting 
that tame line in resonance, and that only a small number of 
them are raised to higher levels owing to the absorption of 
4358, 3131, 3125. Thus the total number of excited atoms 
in levels higher than 2 ^Pi is small in comparison with the 
number in this level. We can then calculate its density, 
neglecting the contributions from above. On the other 
hand, the number of normal atoms N is in all practical cases 
large in comparison with the sum of all the excited atoms, 
so that we can consider it as constant and independent of 
the intensity of the exciting light. One might think that 
this would be no longer true if we were able to increase the 
intensity oE the arc sufficiently, especially considering the 
existence of metastable levels in which excited atoms might 
accumulate in such quantity as to diniinish sensibly the 
amount of normal atoms. The following simple -considera- 

Fig. 3. 



tions show that this cannot be the case; in fact, let us 
calculate the maximum amount of inetastable atoms that can 
be obtained under ideal conditions. 

If we assume that every atom excited by the absorption 
of 2537 becomes in one way or another, sooner or later, a 
inetastable atom, the number of atoms falling to the level 
2 ^Po will be in the unit time NyT 2537 , where 7 is the absorp¬ 
tion coefficient of 2537. Let us also assume that atoms 
leave the level 2 ^Po only because of the absorption of the 
line 4046 ; 7rT4q46Np^ is then the number of atoms leaving 
2 ^Po in the unit time, if tt is the absorption coefficient of 
4046. Under stationary conditions those two quantities 
must be equal, thus 






TT J 


2537 

4046 


1 

Now =4 in tbe arc, so that the ratio N/Np^ is mainly 

-•4046 

determined by the ratio of the absorption coefficients of 4046 
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and 2537. This last riitio is not known, bafc ona may 
safely assume that it is at least equal to 10. The ideal maxi¬ 
mum number of metastable atoms can be then no more than 
Yio of the amount of normal atoms, 


N 


>2*5. 


In the practical case collisions of the second kind with 
impurities (Hj), and especially with the walls of the tube, 
and emission of the ‘‘forbidden line’^ 2656, will reduce the 
amount of metastable atoms, and thus increase considerably 
the ratio given above. N is then practically constant and 
the expression (3) is justified. 

Summing up, we can write 

. T,, N,., . I 2 . Ii . N, (4) 

where Ii, Tg, I 3 are the intensities of the arc lines 2537, 
4358, and 3650 respectively, and N, as said before, the 
number of normal atoms. 

The intensity of the re-emission line 3650 will be 

^3650 ^ ..... (5) 


We must, however, consider the reduction of the intensity 
of the light of the arc by the vapour absorption as the rays 
traverse the tube. Owing to this, the intensity of the 
fluorescence may fall off appreciably along the diameter of 
the tube. Let us consider a volume element, in the 
interior of the vapour. Let its position be characterized by 
the coordinate x, measured from the entrance-point of the rays. 
The intensity of the lines 2537, 4358, and 3650 of the arc in 
the volume element v will be a function of x. The same is 
true for the fluorescence line 3650. We ought then to 
write 

.( 6 ) 

where the exponents (x) will denote that tljose quantities 
are functions of x. 

We can now answer the question set at the beginning of 
the paper. The intensity of the fluorescence line 3650 
emitted by the volume element v will increase with the cube 
of the arc intensity as far as the intensities of the three 
arc lines concerned in its emission, measured in the volume 
element do really increase proportional to the intensity of 
the arc. We shall see that this is not always the case. To 
know how" the primary intensities change with the position 
of the element t?, we have to study the absorption laws for 
the different lines of the arc in the excited mercury vapour. 
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The Absorption of 2^Z7 and of 4Z58. 

To simplify the calculations we will assume that our 
resonance tube is of square section, and that the exciting 
light is parallel. The position of a volume element v will 
be then characterized by its distance x from the entrance 
wall of the exciting light, and all of our quantities will be 
functions of that single variable. 

The absorption law of 2537 is w’^ell known and reads 

12537 = ^2537^ ^9 .(7) 

where P is the intensity at the entrance wall of the tube, 
e is the basis of the natural logarithms, and y is the absorp- 
tion coefficient of the line which depends only on the density 
N of normal atoms in the vapour. At a given temperature 
of the saturated vapour that number will not depend on the 
intensity of the exciting light, as we saw above, and 7 is 
then a constant. 


Fiii\ 4. 






To calculate the absorption of 4358 we need to know the 
number of atoms in the level 2 ^Pi as a function of x. The 
number of atoms raised to that level in the layer dx during 
the time 1 at the distance .r of the entrance wall will be 
equal to 

dli^jlidx^ .( 8 ) 

where 7 =cN. 

To that number we must add the number of atoms that fall 
from higher levels, but we have already seen that this 
number is small in comparison with the quantity raised by 
absorption of 2537, and we can, therefore, neglect them. 

In the stationary stale an equal number of atoms will 
abandon the level 2 ^Pj owing to spontaneous emission of the 
resonance line 2537, to absorption of lines like 4358 
originating in that level, and to collisions of the first and 
second kind. If we call A, B, C, and D the probabilities of 
those four processes, the number of atoms leaving the level 
2 ®Pi in the layer dx, and during the time unit, will be 
given by 


lSpJiA + B4^C + I))dx. 


. . (9> 
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The mean life-time of an excited atom in that lerel will 
be then 

A + B + C+D. 

We have already seen that collisions of the first or second 
kind do not come into consideration because of the low 
temperature and of the low pressure of the vapour (the 
mean time between two collisions is of the order of 10~^ sec.), 
and that experimental results show that the number of atoms 
raised by absorption to higher levels is small in comparison 
with the number of atoms falling back to the normal state by 
re-emission of the resonance line, which means that B, C, and 
D are small in regard to the probability A of spontaneous 
emission, and we can neglect them safely. We have, then, 
practically 

Tp,= l/A.(11) 

Equating (8) and (9), and considering (10) and (11), we 
have 

= .( 12 ) 

If we consider the excited atoms as forming a different 
gas, we can say that we have a gas the density of which 
falls exponentially as we retreat from the entrance wall of 
the light. We could say that the partial pressure of the 
gas falls exponentially, but it is not safe to speak of a 
partial pressure in this case. In fad, pressure is a thing 
that is given only by collisions, and since the mean life of an 
atom in the level 2^Pi (10“'^ sec.) is much shorter than the 
time between two collisions of the excited atom in a gas of 
a pressure of O'OOl mm. (about 2.10"*^ sec.), the definition 
of pressure loses here its meaning in this case. We can 
speak of the density of the excited atoms, hut not of a 
partial pressure. For the same reason, in spite of the fact 
that we have a gradient of the density, no diffusion will 
take place from the regions of higher to the regions of lower 
density. The path that an excited atom traverses during its 
mean life is only of the order of 10*“® cm. We shall see later 
that in the case of the metastable levels diffusion must be 
taken into account. 

Now that the density distribution in the level 2®Pi is 
known, one can go a step farther and reckon the absorption 
of 4358. The absorption coefficient for this line will be 
proportional to the number of excited atoms, in the same 
way as the absorption coefficient of 2537 was proportional 
o the number of normal atoms. The difference is that in 
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the Eormer case the coeiSficient was constant, while here it is 
a function of w. We can then write 

^14368^ "^^^4368^^3 .... * ( 13 ) 


where h^al^p^^a^rp^LxC 

We set 

a = u.7.T|,,,.(11) 

and (13) becomes 

rfl2= —all® • • ^2 * dx, . . . (15) 

The integral of this expression is 


C ~ Ti° 

-a.li*. Ic-ra!.<2x 7*^ 

I 4358 = I 2 — P • ^ — P • ^ 


Fig. 5. 


I4-3S8 



The constant p is 
Is=l 2 ^ to 


We have then 


given by the condition that for .it=0 , 


p=li°e 


7 


I4358 ~ 1^4358 • ^ ^ 

This expression can be abbreviated to 


• . ( 16 ) 






. (17) 


This is the absorption law for 4358. The same law will 
govern the absorption o£ 28514, 3131, 3125, 2652, 2654, 
2655,and 4077. ^ ^ 

Pig. 5 illustrates formula (17) for difEerent values or -Ij®. 
Jj^issetssl. 
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The constant « plays in regard to 4358 a similar role 
7 in regard to 2537. In that sense a could be called the 
absorption coeflScient o£ 4358. The numerical value o£ a 
can be obtained by measuring the absorption of 4358 for a 
given value of .r Actually the absorption of 4358 is very 
small, and the line appears without a trace of reversal if 
examined with the large Luminer-Qehrke plate after 
traversing a 10 cm. layer of strongly excited vapour. That 

means that ^Ii° is small, and that 12 is practically constant 

and equal to all along the cross-section of the tube. 
This Avould no longer be the case if we were able to increase 
sufficiently the intensity of 2537 


The Numher of Adorns on the Level 2^Si. 

Now that we know the absorption law of 4358 we can 
calculate the density distribution on the level 2^Si, which 
will enable us to reckon the intensity of the fluorescence 
line 5461 in order to calculate the absorption of 3650. The 
absorption of 4358 in the layer dw at the distance w during 
unit time will bring a number 

{,7X2^• I2• • dtV •“ dtV . • . (^1 Sy 

of atoms to the level 2^Si. By emission of the triplet 404G, 
4358, and 5461 these atoms will leave 2^Si and distribute 
themselves among the three 2^P levels. Now the upper and 
the lower of these levels are metastable, and the mean life 
of atoms on them, as measured by Dorgelo"^, is of the 
order 10“^ sec. at least. We shall see later that we can 
conhrin this result. Due to this long life, atoms will 
accumulate in the inetastable levels, and if they do it in 
sufficient numbers they will absorb on their part the lines 
4046 and 5461 of the arc, and thus bring a new contingent 
of atoms to the level 2*"Si. We cannot know a priori in 
which way most of the atoms reach that level, but we can 
make the following consideration :—If most of the atoms 
that reach 2^Si arc due to the absorption of 4358, the 
intensity of the re-ernission lines 4046, 4358, and 5461 must 
be proportional to the square of the intensity of the exciting 
light, because two successive absorptions would be needed. 
On the other hand, if most of the atoms on that level were 
due to the absorption of 4046 or 5461 hy the metastable 


^ Thy sill a, vol. v. p. 435 (1925). 
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aloms, wa would need three successive absorptions (absorp¬ 
tion o£ 2537^ absorption of 4358, emission of 4:046 and 
5461, and absorption of 4046 and 5461), to reach that level, 
thus the intensity of the re-emission lines ought to be pro- 
portional to the cube of the arc intensity. It has been 
found experimentally that the lines in question change with 
the square of the primary intensity, which shows that only 
the absorption of 4358 is of importance for the supply of 
electrons to the level 2^Si. 

We do not need then to consider the re-absorption by the 
metastable atoms. 

The number of atoms that leave the level 2^Si in the layer 
dx and during the time unit will be 

.(19) 

i£ Ts is the mean life-time of that level. In the stationary 
state the quantities (18) and (19) must be equal, and we 
have 

. I3.12.(20) 

This gives us the density distribution on the level 2^Si. 
The intensities of the lines emitted by that level will be 
given by the same expression multiplied wdth the nun.erical 
factor corresponding to the transition probability of each of 
the three lines. It is then 

* (- 1 ) 

wliere 4. ^ 4 ^2= L ^ 

Let ns consider more closely one of these expressions, for 
instance, J5461. Its intensity is by formulse (20) and (21) 
proportioiifd to the product of the intensities of two lines of 
the arc, 2537 and 4358. 12537 is an exponentially falling 

curve (formula 7). and its intensity will increase everywhere 
in the same ratio if we increase the light of the arc. I43-S 
is practically constant along the cross-section of the tube 
because the absorption of that line is weak, as we saw above. 
The product of both curves will give again, then, an 
exponentially falling curve with an extinction coefficient 
equal to the absorption coeflScient of 2537. We should, 
therefore, expect that the intensity distribution of the 
fluorescence line 5461 along the cross-section of the tube 
will be given by an exponential function with an exponent 
coefficient 7. This can be tested experimentally. If we^ 
form an image of the cross-section of the tube upon the slit 
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of the spectrograph (see fig. 13 in the following paper) by- 
means of a long-focus quartz achromatic lens, as described 
by Wood in one of his former papers, the intensity at the 
top of the slit will correspond to the light emitted by the 
layers at the entrance wall of the tube, while the intensity 
at the bottom of the slit will originate in the layers 
near the exit wall of the tube. Wood (Z. 6*,) has already 
published a photograph of the lines 3654, 3663, and 3650 
taken in that way^, which shows that the experiment con¬ 
firms our theory. A quantitative agreement cannot be 
expected, because in the experimental case the exciting 
light is not parallel, as assumed in oiir calculations, but 
divergent. The divergence of the intensity is probably 
proportional to the distance or less, and not to the square of 
the distance, because the light-source is long (10 cm.) and 
has a thickness of about 1 cm. 

Expressions similar to (20) will give the density distri¬ 
bution of excited atoms in all the levels that are reached 
after two successive absorptions, like 2*So, 3^Si, S^D^, 

3 ^D. 2 , and so forth, and expressions similar to (21) the 
intensity of the lines emitted by them. 


The yumber of Atoms in the Level 

The last expression for the intensity of the green line 5461 
in fluorescence, or better, the differential of that expression, 
gives us the number of atoms that in the layer dx and unit 
time fall to the level 2^p2. As we saw at the beginning, 
the emission of other lines like 3654, 3663, etc., brings also 
atoms to that level, but their quantity is negligible in 
comparison with the quantity brought down by the green 
line. 

Because of the long life of the metastable level we should 
expect that the atoms falling to it (tlie density of which, as 
a function of is practically given by an exponential curve) 
would diffuse in tlie tube, so that they would distribute 
themselves homogeneously all over the cross-section of it. 
If that should take place, the absorption of 3650 would be 
constant along the section of the tube (3650 of the arc is 
absorbed very little in 2 cm. vapour, so that laegois practically 
constant), and the re-emission line 3650 should be also of 
constant intensity along the cross-section of the tube. 
Experiments show that this is not the case. The intensity 
distribution of 3650 along the slit of the spectrograph is the 
same as that of 4358 or 3654. That seems to show that 
diffusion does not take place in the level 2 ^p 2 under our 
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conditions, which signifies that the life of that level cannot 
be longer than 10""^ sec- The reasons for the shortening of 
the life of the metastable atoms on that level are probably 
to be sought in the absorption of tbe green line of the arc* 
If we remember formula (lOj we see that the mean life of 
an excited level is inversely proportional to the sum of 
emission, absorption, and collision probabilities. Here the 
spontaneous emission probability is nearly equal to zero, and 
the collision probabilities are small, but the absorption 
probability for the lines originating on our level seems to 
be sufficiently large to shorten the life of the metastable 
level by the amount necessary to avoid diffusion^. We can 
thus go on in our calculation without considering it. 

The number of atoms that reach 2 ^P 2 in the layer dx is 

.•••••• ( 22 ) 

The number of atoms that leave it is 

Np, —.(23) 

Therefore 

^^•2 ~ J 6461 .( 21 ) 

This gives the density distribution in 2 ^P 2 and enables us to 
calculate the absorption of 3650. 


The Ahsorptio7i Law of 3650. 

The absorption coefficient of 3650 is given now by 


dl 


where 


- = 6 . • dx =c» . a . I;. I 2 . diVj 


(25) 


The integration of this expression gives as a result 


^^ 6650 " 






(26). 


This is the absorption law for 3650. This equation looks 
very complicated, but in the experimental case a> is small ; 
thus I 3 is practically constant an<l equal to 

The density distribution in the level will be then 

given by 

ISd—ccaTdhhhy .(27) 


* Meissner and Graffander (Ann. d. Phys. Ixxxiv. p. 1009 (1927)) 
have found that side radiation is able to shorten the life of the meta* 
stable levels of Neon and Argon from 2 to 5 times. 
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and the intensity of the fluorescence line 3650 by 


J 


3650 — 


~=waliTsls. T 2 ° . e 


y 




. . . (28) 


Discussion of the Intensity Question. 

We are now able to state what will liappen in each 
volume element of the resonance tube if we increase 
constantly the intensity of the exciting light. We have 
already seen that in the actual case the two last factors of 

Fig. 6 


J36SO 



formula (28) are practically equal to onCj thus the intensity 
distribution of 3650 as a function of x will be determined 
by and its intensity will increase in every part of the 
tube proportional to the product of Ij®. I 2 ^. 1$^, or, if we 
-assume that the ratio is constant in the arc, 

proportional to the cube of the intensity of the arc. Fig. 6, 
-curve 1, represents tlsgso ihi’ this case. If we are able to 
increase the arc intensity sufficiently^ the last two factors of 
the formula (28) would no longer be equal to one, but they 
Avould be more and more rapidly falling curves, J^eso would 
then be equal to the product of three fulling curves, and 
< 50 uld be represented by the curve 2 of fig, 6. We see that 
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the intensity of 3650 would still increase proportional to the 
<^ube of the arc intensity only in the first layer by 
but would eventually decrease for larger values of w. This 
means physically that the volume fluorescence of 3650 
would concentrate more and more at the entrance wall of 
the tube, and we should have a thing similar to surface 
fluorescence. We cannot realize experimentally this case 
for the Hg fluorescence in vacuo^ becanse we are not able to 
increase sufficiently the intensity of the arc, but we can do 
it by admitting gases into the tube, as we shall see in the 
following paper. The admission of 2 mm, water vapour, 
for instance, increases 4358 about 20 times for small 
but actually decreases it for larger values of x. (See 
Theory II.) 

Summary. 

The intensity of the different lines of mercuiy vapour at 
room temperature when excited optically by a water-cooled 
tnercury arc has been calculated as a function of the primary 
intensities, and of the position of the emitting volume 
element in the tube, and the results allow us to understand 
the special behaviour of some lines like 3650. 

The absorption laws for lines like 4358 and 3650 in 
excited mercury vapour have been calculated. 

It is a pleasure for the author to acknowledge his 
indebtedness to Professor B. W. Wood for his many 
advices and assistance during the present work, and to 
Professor K. F. Herzfeld, who was so kind as to read this 
paper in manuscript and to suggest several improvements. 

The Johns Hopkins University, 

Baltimore, Md. 

June 30, 1028. 


<1XV. The Influence of Foreiyn Gases on the Optical 
Excitation of Mercury. —Theory II. Ey E. Gaviola, 
Ph.D.^ Fellow of the International Education Board ^. 

[Plates XXV. 8c XXVI.] 

I N the course of his extensive investigation of the fluores¬ 
cence of mercury vapour, excited by the light of a 
water-cooled, magnetically deflected, mercury arc. Wood f has 

* Oommunicated by Prof. R. W. Wood, 
t Wood, Phil, Mag., Oct. 1925, Sept. 1927. 
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found that the admission of other gases to the tube containing 
the fluorescing mercury rapour at a pressure of 0*001 mm. 
(saturated Tapour at room temperature) produced various 
efEects upon the different remission lines, depending on the 
nature of the particular gas and on the partial pressure of 
it in the tube. It was found, for instance, that nitrogen at 
pressures of from 0 05 to 0*4 mm. decreased several times 
the intensity of the line 3650, while higher pressures up to 
6 or more mm. increased it considerably. At 3 mm. it 
decreased the lines 3654, 3125, 4077, 2537, 3021, and at the 
same time enhanced many others like 5461, 4358, 4046, 
3131, 3341, 2654,2535. Carbon monoxide at low pressures 
decreased 3650, 3654, 3125, 3021, etc., and increased 3341, 
3131,2653, 2534, etc. Argon and helium behave similarly. 
Wood has also found that many of these changes can be 
explained if we assume that the collisions with molecules of 
the foreign gases bring a large number of atoms to the 
metastabie level 2^Po, where they accumulate due to the 
stability of that level, and become capable of absorbing 
strongly the line 4046 of the arc, practically not absorbed 
without the foreign gas ; and he showed the existence of this 
absorption by photographing the 4046 line of the arc, after 
traversing a layer of excited vapour, with the large quartz 
Lummer-Gehrke plate, with the result that it appeared 
strongly reversed when nitrogen was present, but not in its 
absence. During the present work the action of different 
gases upon the absorption of 4046 has been studied in detail. 
This study has brought new and interesting facts to light in 
regard to the diffusion and lifetime of the metastable atoms 
and to the efficiency of their collisions with different gases— 
facts that enable us to calculate and predict the behaviour of 
the lines, especially the intensity distribution along the cross- 
section of the tube and its change when gases are admitted. 

The Absorption of the Line 4046. 

The arrangement used was similar to that used by Wood 
(/. c.), and is shown schematically by fig. 8. 

A very clear and large quartz tube, 10 cm. long and 10 cm. 
in diameter, with plane end-surfaces was illuminated by the 
magnetically-deflected light of the water-cooled mercury arc, 
a part of which light was received by the quartz prism 
and sent parallel to the illuminated wall of the tube through 
the excited mercury vapour. A second quartz prism Pg sent 
the light to the lens L of fused quartz, which made it paralllel 
or slightly convergent to allow it t© enter the large quartz 
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Lummer-Gehrke plate after traversing a polarizer* A quartz- 
fluorite acliromat of 42*5 cm. focal distance threw an image 
of the interference system upon the wide open slit of the 
spectrograph. Two screens Si and S 2 limited the light-beam^ 
and could be displaced so as to make the beam traverse the 
vapour at different distances from the entrance wall of 
the exciting light. The tube was in connexion with the 
pump and with bulbs containing the desired gases. A very 
fine capillary was occasionally used for admitting air or 
oxygen. Series of photographs of the line 4046 were taken 
with different pressures of CO, water vapour, and nitrogen 
in the tube. Fig. 1 (PI. XXV.) shows the results. The first 
horizontal series corresponds to CO at partial pressures 0, 
'015, *1, *35, and 4 mm., the second to water vapour at 
pressures 0, *005, *03, *1, 1*5 mm., and the third to nitrogen 
at 0, *13, *55 mm. All the photographs had the same time 


Fig. 8. 



of exposure, 4 minutes. We can see that the presence of 
0*015 mm. CO is sufficient to show a clear reversal of the 
main component (indicated by an arrow) of the line. If we 
increase the pressure, the reversal increases np to 0*1 to 
0*2 mm. CO, and decreases again at higher pressures. At 
4 mm. the reversal has disappeared completely, and no traces 
of absorption are left. Water vapour shows a trace of 
reversal at 0*005 mm., which increases rapidly by increasing 
water-vapour density until at 1 to 2 mm. the whole line is^ 
practically absorbed. At low pressures the behaviour of CO 
and HgO is practically the same. Above 0*2 mm., on the 
contrary, the absorption of 4046 diminishes with CO, while 
it still increases with H 2 O. We shall see later on that the 
theory is able to explain this fact on the assumption that 
the collisions of the second kind of netastable atoms with CO 
are more efficient than with H 2 O. On the other hand, N 2 
shows no clear reversal until a pressure of about 0*5 mm. 
PhU. Mag. S. 7. Vol. 6. No. 40. Dec. 1928. 4 G 
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reached ; but a diffuse absorption of the line takes place 
from 01 mm. up, showing that in the presence of nitrogen 
not only the core of the line is absorbed, but the whole line, 
which seems to mean that nitrogen is capable of broadening 
the absorption line 4046* At higher pressures Ng behaves 
similarly to HgO, but water seems to be still more efficient 
than in accumulating atoms in the lower metastable level. 

It was of importance to determine if a diffusion of the 
metastable atoms takes place. Metastable atoms are mostly 
generated at the entrance wall of the exciting light, because 
of the strong absorption of the resonance line in the mercury 
vapour at room temperature. A layer of 5 mm. reduces 
2537 to J of its original value ; thus at 2 cm. distance of the 
entrance wall its intensity is only Now, the number of 

nietastable atoms generated in each volume element of the 
tube, as we shall see later, is proportional to the intensity of 
the line 2357 of thearc at that volume element. If diffusion 
of the metastable atoms does not take place, the absorption of 
the line 4046 should decrease 16 times if the light-beam 
traverses the tube at a distance of 2 cm. from the illuminated 
wall of the tube ; which amounts to saying that the absorption 
should practically disappear. On the other hand, if the 
metastable atoms live so long as to diffuse all along the cross- 
section of the tube, the absorption of 4046 should be the 
same everywhere. To test this point the screens Si and S^ 
{see fig. 8) were so placed as to make the beam of light 
traverse the tube parallel to the illuminated wall at distances 
of 2 and 5 cm. from it. Fig. 2 (PI. XXV.) shows the result of 
u series of photographs taken with different pressures of water 
vapour in the tube, and with the beam traversing it at 2 cm. 
distance from the illuminated wall. We see that in vacuo 
no reversal takes place, as is to be expected, but a cleai 
reversal of the main component of Ihe line (indicated with 
arrows) appears with 0’2 to 0-5 mm. water in the tube, to 
disappear again if the pressure attains 2 mm. If the beam 
traverses the tube at 5 cm. distance from the wall, no reversal 
is to be detected under any water pressure. These facts 
show that diffusion of the metastable atoms does actually 
take place at low water pressure, and that the mean life of 
the excited atoms is long enough to allow them to diffuse 
2 cm., but not long enough to allow them to diffuse 5 cm. 
With these values we shall make, in a following paragraph, 
an approximate calculation of the mean lifetime of a meta¬ 
stable atom on the level 2^Po. 

The reason why the diffusion disappears if the water 
pressure is increased to 2 mm. is probably two-fold : the 
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higher pressure shortens the mean life of the metastable 
atoms, and, on the other hand, the diffusion velocity diminishes 
with the pressure, so that in the case in which the mean life 
is not decreased, the path travelled during that life would 
diminish in proportion to the pressure. 

The same experiments were repeated with with the 
result that no reversal of 4046 could be found at 2 cm. 
distance with any nitrogen pressure. This result is to be 
expected because we have already seen that, with N 2 , when 
the beam traverses the tube close to the illuminated wall, the 
reversal begins at the pressure of 0’5 mm., which is already 
too high to allow them to diffuse. No diffusion experiments 
have been made with CO so far, but I should expect it to 
behave at low pressures like water vapour. 

llie Metastahle Level 2^P2. 

These experiments show that large quantities of atoms 
accumulate on the metastable level 2^Po. Now, mercury has 
another metastahle level, the level 2^P2. It was of importance 
to ascertain if atoms accumulate in this level also. To 
examine this question, the lines 5461 and 3650 of the arc 
were photographed as before, to see if they reverse when 
gases are introduced. The result was that no reversal or 
absorption of 5461 could be detected under any conditions. 
This proves that the upper metastable level must be many 
times less densely occupied than the lower one in the presence 
of gases. On the other hand. Wood has observed that the 
arc line 3650 appears slightly reversed if it traverses a 
10 cm. long layer of excited mercury vapour in the absence 
of any gases. I can confirm this result. Now, if we 
introduce gases into the tube, the reversal at first disappears 
(gases at low pressure), to come up again if we attain a 
water or nitrogen pressure of 1 or 2 millimetres, which 
shows that the number of atoms in 2 ^P 2 decreases at first to 
increase afterwards. The change of the intensity of the 
fluorescence line 3650 is in accordance with this result. 
Its intensity can be given by the formula 

J3650 = a . I3650 ♦ Npjj, 

where Iseso is intensity of the arc line 3650, and Np^ is 
the density of atoms on the level 2 ^P 3 (see preceding publi¬ 
cation : Theory I., formula (1)). Now, the introduction of 
gases at low pressure does not change I 3650 of the arc, so 
that the changes in the intensity of the remission line 3650 
are, so to speak, a measure for the changes in the density of 

4G2 
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atoms on the level 2 ^p 2 . In fact, at foreign gas pressures 
below 1 mm, the time between two collisions of an excited 
Hg atom is larger than 10^^ sec., so that collisions of the 
second kind play a r61e only in regard to the 2^P levels, 
the mean life of which is longer than this time. All the 
other levels will be practically undisturbed by collisions. 
Wood has already measured the changes in the intensity of 
the fluorescence lines with different pressures of nitrogen^ 
The following is an abstract of his measurements :— 


Nitrogen pressure . 1*25 0*43 0*2 0*1 0*05 0*00 mtri. 

5461. 12 6 4 2 1'5 1 

3660. 1 1 i j 1 

^. 12 6 8 8 7i I 


We see in the second line that the intensity of 3650 
decreases at first and increases slowly afterwards with 
growing pressures of nitrogen, while 5461 increases steadily 
(the initial intensities are arbitrarily set equal). Now, we 
have seen that the level 2 ®P 2 is supplied with electrons 
practically exclusively by the emission of 5461 (Theory I.). 
The increase of that line means an increase in the number of 
atoms that reach that level. In spite of this fact the number 
of atoms in the level diminishes as shown by the intensity of 
3650. The density of atoms on 2^^^ can diminish only as a 
result of collisions with the nitrogen molecules. The ratio 
of the increase of 5461 to the increase of 3650 will give the 
number of times that the density in the level 2 ^P 2 decreases 
due to the collisions. That ratio is given above. We should 
expect the ratio to grow with the pressure. It grows with 
it, but in an irregular way. But we must remember that 
Wood considered the given values as provisional. In that 
light the result can be regarded as satisfactory. The level 
2 ^P 2 seems, then, to be very sensitive to collisions with 
nitrogen molecules. The fact that 0*1 mm. of nitrogen is 
able to diminish 8 times the number of atoms in 2 ^P 2 is very 
remarkable if we remember that the same gas pressure would 
quench the re-emission line 2537 only to about 97 percent, of 
its original value (see the known quenching curves of Stuart), 
which means that the number of atoms on the level 2®Pi is 
only very slightly decreased. We have here the interesting 
case in which a melastable level ’’ becomes much less stable 
against collisions than an ^‘unstable level.^’ This may be 
correlated with the fact that Lord Rayleigh has observed 
the forbiddenline 2270, which is emitted by the level 
2 ^p 2 in both emission and absorption. 
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The extremely great sensibility of the excited atoms in the 
level 2 ®P 2 to collisions is not only shown in regard to 
nitrogen, but to all the other gases that have been tried• 

We can make a rough calculation of the mean life of the 
atoms in the metastable level 2 ^P 2 on the base of the facts 
outlined above. The number of atoms in the level 2®P2 is 
given by formula (24) of Theory I. : 

= Tp^. J546I. 

This relation is true for every gas pressure. We can plot 
now and Np^ as function of the pressure if we admit 
J 3650 as a measure* for Np^. The division of both curves 
gives us the mean life tp^ as a function of the pressure. The 

Fig. 9. 


J 



diagram (fig. 9) shows that rp^ decreases with the pressure, 
which is to be expected. At 0 01 mm. nitrogen rp^^decreases 
to ^ of its original value. The time between two collisions 
of an excited atom at that pressure of nitrogen is about 
10”“^ sec. 


Now 




B2 + Dg 


if Bj is the absorption and the collision probability, 
and if we neglect the emission probability. On its side 
D 2 == Z.E 2 if Z is the number of collisions and the 
efficiency of them ; hence 

_ 1 

+ * * • 


. . ( 29 ) 
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This value will decrease to ^ when the pressure is such 
that B 2 == ZEg. Experimentally it does so at 0^01 mm* 
pressure, at which Z=10^* collisions per sec. That means 
B2=10^ • E 2 , and for Z = 0 : 

w = 10“^. Eg see. 
x>2 

If every collision is effective (Eg = 1), 10~" sec. is the mean 
life of the metastable level 23 P 2 for the case of vacuo ; that 
is, when no foreign gas is present. If gases are admitted^ 
decreases according to formula (29). In fact, if we plot 
(29) according to the value given above,Ve obtain the lower 
curve of fig. 9, which is in surprisingly good agreement 
•with the empiric curve for rp^. 

Summing up, we can say that the primary and principal 
action of gases consists in bringing excited atoms from the 
levels 2 ^P 2 and 2 ^P 2 to the metastable level 2^Po. If the gas 
pressure is sufficiently low, diffusion of the metastable atoms 
takes place; otherwise not. We will now see that the theory 
enables us to explain all the other changes due to gases, 
especially the changes in the distribution of the intensity 
along the cross-section of the tube, without making further 
assumptions. 


The Levels and 

We have seen in the first part of this investigation 
(Theory I., formula ( 12 )) that the density distribution of 
atoms on the level 2 ^Pi in the case of vacuo, tliat is, in the 
case when only Hg vapour at room temperature is in 
the tube, was given by the formula 

Np, = yTpJiO^-v^.(12) 

where 7 is the coefficient of absorption of the resonance line 
2537 of the arc, rp^ the mean life of an excited atom on the 
level 2 ^Pi, and x the distance of the volume element 
considered from the illuminated wall of the tube. This 
'formula holds also for the case of gases with the sole 
difference that rp^ was determined in vacuo practically ex¬ 
clusively by the emission probability Ai of the line 2537 
(see formula (11), Theory 1.), and it was Tp^ 1/Ai, while 
now the mean life is shortened by the collisions with the gas 
molecules that bring atoms to the lower level 2^Po. It is 
now 

1 

rp 




. . (29') 
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where D| is the probability that a collision o£ the second 
kind will take place, which is given by the number of 
collisions in the time unit multiplied with the efficiency Ej 
of those collisions in producing transitions without radiation : 

Di=:-2 :.E^, . . . • . (30) 

c is proportional to the gas pressure. 

The number of atoms in the layer which daring unit 
time will reach the metastable level 2^Po because of collisions, 
will be 

DiNp, dx. 

Another contingent of atoms will reach the level 2^Po because 
of the emission by the fluorescent vapour of lines like 4046, 
2967, etc. (see fig. 2, Theory I., p. 1156); this contingent is 


Fig. 10. 

-23P2 



but negligible compared with the amount of metastable atoms 
produced by collisions. If no diffusion takes place, the 
number of atoms that will in unit time leave that level in 
the layer dx will be 

where rp^ is the mean life duration of the metastable atoms. 
Equating these expressions, we have 

• NPi • . (31) 

if we set 

TT ~ D|^ . Tp^ . .{31') 

and put for Np^ its value given above. The mean life tp^ of 
the metastable level was determined in the case of vacuo 
mainly by the absorption of lines terminating on that level, 
and by the collisions with the walls of the tube. In our 
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case, the collisions of the second kind with gas molecules 
will play an important rdla. We can write 


*^Po = 


1 

Ao d- Bo “t- Do ^ 


where Aq is the emission probability of the forbidden line 
2656, which is emitted by the nietastable atoms, the 
absorption, and Dq the collision probability. ISow, the 
emission probability of the forbidden line is extremely low ; 
thus we can practically put 


•^Po 


^ 1 
Bo d- Do 


(32) 


Do will be given by the number of collisions of the meta¬ 
stable atoms multiplied with the efficiency of those collisions : 


Do=^. Eq. 


The numerical values of Eo are not as well known as for the 
case of the level 2^Pi. According to results of Donat * 
Dorgelo f? Loria Franck and Oario §, and ourselves, Eo is 
very large for H 2 , O 2 , small for CO, ^ 2 , He, and smaller 
still for Ar and H 2 O. Quantitative determinations have 
not yet been made so far as I know. 


Diffusion of Metastahle Atoms, 

Formula (31) was calculated under the assumption that 
no diffusion takes place, which, as we have seen, is not the 
case for gases at low pressure. The diffusion will not affect 
the total number of metastable atoms in first approximation, 
since it does not alter Di nor It influences only the 

density distribution in the section of the tube. If we assume 
that in the case of diffusion the density becomes constant, 
which is not completely true in the experimental case, as we 
saw before, but very nearly realized, the average density 
will be 



if 1 is the length of the cross-section of the tube. The 
integration gives as result 

Np,= 7rIxnl-6->) = <^.Il^ . • . (33) 

where ff> = 7r(l — ^ 

* Donat, Zeits, f, Phgs. xxix. p. 345 (1924). 
t Dorgelo, Physika, v. p. 435 (1926). 
t Loria, Phys. Dev. xxvi. p. 673 (1925). 

I Franck & Cario, Zeit,f, Phys, xvii. pp. 202, 223 (1923;. 
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The average density will thus be simply proportional to 
the total absorption of the line 2537 of the arc. 

We can test formulas (31) and (33) by means of the 
forbidden line 2656. This line is emitted by the meta- 
stable atoms, and its intensity distribution along the cross- 
section of the tube will show directly the density distribution 
of the metastable atoms. Fig. 3 (PI. XXVI.) gives a 6 X en¬ 
largement of two photographs of the forbidden line 2656 
(on the long wave-length side of the pseudo-triplet 2652, 
2654, 2655) taken while an image of the cross-section of the 
tube was thrown upon the slit of the spectrograph so that 
the light at the top of the slit corresponds to the emission 
near the entrance wall of the resonance tube {x = 0), and at 
the bottom to light near the exit wall {x = 1). a was taken 

Fig- n. 




while 2 mm.,& while 0*2 mm. water vapour were in the tube. 
We see that, in the first case, the intensity of 2656 decreases 
along the slit, while in the second it remains practically 
constant, as is to be expected after formulae (31) and (33). 
The behaviour of the other lines will be explained later. 
The verification of our formulfe shows again that diffusion 
of the metastable atoms takes place with 0*2, but not with 
2 mm. water vapour in the tube. 

Th? Mean Life of the Metastable Atoms in the Level 2 ^P 0 , 

We saw in a former paragraph that when 2 mm. of water 
vapour are present in the tube, diffusion of the metastable 
atoms does not take place. The density distribution along 
the cross-section of the tube is given by the absorption law 
of the resonance line 2537, as shown by formula (31) and by 
fig. 11 (curve a). If we diminish the pressure, diffusion does 
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take place, and the density of the atoms will be repre¬ 

sented by a curve like h. The form of the curve h will 
depend on the mean lifetime of the inetastable atoms, and 
on the diffusion-coefficient, which at a given temperature iwS 
inversely proportional to the pressure, and can be calculated 
with the help of the kinetic gas theory. < yurve h will depend, 
then, at a given pressure, only on the mean life of tlm 
metastable atoms ; for growing tp^ it will approximate to a 
horizontal line, and for small Tp^it will coincide with curve a. 
Now, curve h can be experimentally determined by measuring 
the absorption of 4046, or the intensity oE the ‘‘ forbidden 
line 2656, for different a;-values, and that will allow us to 
calculate the mean lifetime rp^. 

Let us consider a parallelepiped on of section dy dz along 
the .r-axis, which is perpendicular to the light entrance-wall 
of the tube (fig. 12), and a volume element v =s dxdy dz at 
the distance x of that wall, in which N inetastable atoms are 
present. The number of metastable atoms tliat enter this 


Fig. 12. 



volume element in the time unit will be equal to the number 
of atoms diffusing from the left through the section that is, 

— Ddydz where D is the diffusion-coefficient, plus the 

amount produced in the volume v by the absorption of 2537 
and successive collisions oE the second kind, which, as we have 
seen (formula (31)), is proportional to the intensity of J 2537 
ill the volume r, and it is = where Gr is a factor which 

is constant for a given pressure. — * dx^ 

atoms will leaver diffusing through the section at .r 4-tier, and 
a fraction r. N/r of the inetastable atoms N in the volume r 
will die because of collisions of the second kind. 

In the stationary state 


■ T)dt/dz~+v&e-y^ 

dx 


— T> dy dz 


dm , > 

^ 


q- dx dy dz 




or 
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This is the difEereutial equation of our curve b. 

It is hon-homogeneous and linear. The general solution 
of the homogeneous equation is 

-rt >j~r X »/X 
N = Ac ’■o + Be ’•», 


and a special solution of the non-homogeneous one is 

N = H«-r> it 

The sum of both expressions gives us our general solution 

— VX xVX 

N = Ac ’•»+Bc 


The boundary conditions are N = N® for x = 0, and N = (> 
for iT=flo , which makes B = 0 and A = N®—H, and we obtain 
finally 

(/>) N = (N^-H) c + Hc->*. 


This is the density distribution o£ the inetastable atoms as 
a function of .a? for given values of r and D (curve h of fig. 11). 
N is equal to the sum of two exponential falling curves 
with different coeflScients of extinction. The last term, which 
is origiiiuted by the absorption of 2537, decreases very rapidly, 
and will fall alreudy to ^ of its original value for x = 1’5 cm. 
(2537 is reduced to i in 5 mm. Hg vapour); and if we 
consider the curve beyond that value, it will be a simple 


exponential curve with the coefficient tif extinction 



If we measure, then, two values of N for two .x?-values in that 
region, we can calculate this coefficient. Now, judging 
from the absorption of 4046 for different distances x (see 
figs. 1 and 2, PI. XXV.) and from the intensity distribu¬ 
tion of the forbidden line 2356 along the slit (see fig. 3, PI. 
XXVI.), we may make tlie rough estimate that N decreases 
to ^ of its value from P5 to 2*5 cm. * when water 
vapour at 0*2 mm. pressure is in the tube. We therefore have 



and 



^ An exact measurement has not yet been attempted, but could be 
easily done ; the present is only a provisional calculation. 
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Now, the diffusion coefficient o£ excited Hg in H 2 O is 

118 

given by the kinetic theory as D=-, where p is the 

pressure in mm. ^ 

At a pressure P=’2 mm. we have 

118 2 1 

D = 590 and tp„ = ^ =295®®'^’ 

under our conditions. This value of the mean life of the 
metastable atoms is in good agreement with the results of 
Dorgelo {1. c.). The number of collisions of a SP^ atom with 
water molecules at 0* * * § 2 mm. pressure is of the order of 
magnitude of 2.10® per sec., which means that a metastable 
atom can survive 10^ collisions with a water molecule before 
giving up its energy in a collision of the second kind. 
Orthmann and Pringsheim * found a similar value for 
collisions with neutral mercury atoms at atmospheric pressure 
in presence of 0*01 mm. of thallium vapour. 

Discussion. 

Several authors have attempted to measure or calculate 
the long lifetime of the metastable atoms postulated by 
Franck and Reiche f in order to describe the absorption of 
certain He lines observed by Paschen. M. Marshall 
applying the method of the lou-voltage arc with alternate 
current, used by Kamenstine § for helium, which apparently 
gives a very direct method of measuring the life of the 
metastable atoms to the case of mercury, found rather 
surprising results. He finds that the higher metastable 
level 2 ®P 2 has a longer life sec.) than the low^er one 
2^Po (f^o sec.), and that the admission of gases like CO, 
COs, Ng, HgO, and Hg ha<l no influence upon the life of 
2 ^p 2 , but shortened the life of the lower level 2^Po and all 
the gases by the same amount. These results are in open 
contradiction witli all subsequent experience. There is no 
doubt now that the life of the higher metastable level is 
shorter than that of the lower one, and that the first is 
very sensitive against collisions with any of the named 
gases, while the second can endure thousands of collisions 
with Ng, CO, or HgO. C. Eekart 1| showed that the results 

* Orlhinann & Pringsheim, Zeit.f, xxxv. p. 626 (1926j. 

t Franck & Reiche, Zeits.f, Phys» i. pp, 154, 820 (1920), 

1 Marshall, Astrophys. Joum. lx. p. 243 (1924). 

§ Kamenstine, Astrophys. Journ. xlix. p. 136 (1924). 

It Eekart, Pfays. llev. xxvi. p, 454 (1925). 



Gases on the Optical Excitation of Mercury. 1181 

o£ Kamenstine and Marshall were probably due to the 
survival of ions rather than metastable atoms. Dorgelo* * * § ^ 
made a direct measurement of the life of the metastable 
atoms in neon and Hg, observing the absorption of the lines^ 
footing on the metastable levels a certain time after the 
electrical excitation of the vapour had ceased. He foun<f 
that the life of the higher level was about sec. 

in pure mercury vapour at room temperature, and the life of 
the lower one ( 2 ^Po) still longer than this value, and that 
both were very sensitive to impurities, especially to the 
presence of hydrogen f. 

The time calculated by us for the level 2 ^P 2 ( 10 ~® sec.) 
is considerably shorter than the result of Dorgelo, but we 
must remember that the experimental conditions are com¬ 
pletely different. In the case of Dorgelo, the life of the 
metastable atoms is only shortened by collisions with im¬ 
purities or with the walls of the tube, while in our case of 
very intense side illumination, the absorption of lines like 
5461, 3650, and 4046, 2967 by the metastable atoms must 
shorten the lives of them in a sensible degree, Meissner 
and Grafifunder J have recently found that in the case of 
neon the life is considerably reduced by side illumination. 

In the case of 2^Po, the lower level, the effect of side 
illumination is less noticeable because the total amount of 
metastable atoms in this level is enormously larger than in 
the case of the higher level. 

On the whole, vve can say that the life of the inetastable 
atoms, when undisturbed by exterior agencies, is probably 
limited only by the emission probability of the “ forbidden 
lines 2270 and 2656, which for the last one has been 
measured by the author to be about 10 ^ times smaller 
than for 2537 §. Since the life of the resonance level is 
10 "^^ sec., the life of 2 ^Po would be 10^ . 10"^=: 10 sec. under 
best conditions. These conditions may exist in some stars. 

The Amount of Metastahle Atorns. 

Formulas (31) and (33) show that the density of meta¬ 
stable atoms will be governed by the constant tt. Because 
in many physio-chemical investigations it is desired to have 

* Dorgelo, Physiea, v, p, 429 (1925). 

t G. liamsauer (Natunmssenschaflenf xvi, p. 576 (1928); and T. 
Asada, R. Ladenburg, and W. Tietze, Phys, Zs. xxix. pp. 549,708 (1928) 
have recently published new measurements of rp^ obtaining a v«dtte of 
10“^ sec. in agreement with my result. 

% Meissner & Graff under, Ann. der Pkys. Ixxxiv. p. 1041 (1927). 

§ Details of the calculation will appear shortly. 
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:;a large concentration of metastable atoms, we may discuss 
it more in detail. At the same time, we can try to explain 
the fact that CO is very efficient at low pressures in pro¬ 
ducing metastable atoms, but not at pressures above 0-2 mm. 
Considering (29'), (30), and (32), we can write tt in the 
following form :— 

■ ( 3 *) 


TT = ' 


■^JEiEq + “P AjBq 

If the efficiency of collisions of the second kind with the 
metastable atoms for the gas in consideration is very small 
,(Eo=0), TT will reduce to 

B(,(3Bi + Ai)’.^ ^ 

ihat means tt will increase steadily with the pressure at a 
rate depending on the value of Ei. For smaller E^ (efficiency 
of collisions quenching 2®Pi) we shall require a larger z (pres¬ 
sure) to obtain the same amount of metastable atoms, as in 
the formula only the product cEi appears, and notor Ei 

separated. The maximum of tt will be tt max. —jg-, and 

will be obtained for The number of metastable 

atoms would then be given (see formula (33), where is 
small aud can be neglected) by 

T 0 

■vr _-*'1 

To max.- 

£>0 


and could be still increased, diminishing the absorption 
probability of lines like 4046 (Bo=&l 4046 + &^ 12967 4- ... if 
h are the absorption coefficients), which can be done by 
absorbing them out of the arc light without absorbing 2537. 
One-'half of tlie maximum value would be obtained already 
when 5 ^Ei~Ai ; that is, when the number of efficient col¬ 
lisions is equal to the probability of emission of 2537, which 
is the inverse of the mean lifetime of the level 2^Pi. Now, 
this life is known to be 10“"^ sec., and Wood’s measurements 
show that the line 5461 in fluorescence, which can be used 
as a measure for the number of metastable atoms Np^, as 
3650 was used for Npg, increases to one-half of its maximum 
intensity at a nitrogen pressure of 0*65 mm. At this pres¬ 
sure the number of collisions per sec. of excited atoms 
(diameter 1*62 times normal) with nitrogen molecules is 
*7.10^ per sec., which allows us to calculate Ej, the efficiency 
of the quenching collisions of nitrogen, as 


TT 10' 


= 1-4. 
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This value is in contradiction with the value O'OIS calcu¬ 
lated by Stuart, I£ we suppose with Foote ^ that Ei = 1 , that 
is, that every collision is effective with the 2 ^Pi level, we 
shall obtain a mean life Tp^=l . 4. lO*"^, which is something 
larger than the known value. We will consider this point 
and the quenching of resonance radiation by gases in detail 
in a subsequent paper. 

In our practical case the collisions of the second kind will 
play always a certain role so that Eo will never be com¬ 
pletely = 0 ; but it seems that gases like water vapour 
(avoiding free H 2 or O^), argon, and, more or less, nitrogen 
behave very nearly ideally. 

If Eo cannot be neglected, but is still small, the number 
of metastable atoms will at jfirst increase with the pressure 
and proportional to the efficiency Ei of collisions with the 
level 2 ®Pi, as in the ideal case, but afterwards the term 
in (formula 34) will predominate and tt will decrease 
again. The maximum will be obtained for 



and will occur at lower pressures the larger the product 
Ej^Eq is. This product seems to be larger in the case of CO 
than in the case of Ng. The maximum concentration of 
metastable atoms is reached Avith CO at about 0*2 mm., and 
with nitrogen at from 5 mm. to 70 mm., depending on its 
purity. This explains the special behaviour of CO with 
increasing pressure, as shown by fig. 1 (PL XX V^.). 

The Absorption o/4046, and the Density of 2^Si for 
Low Pressure, 

The absorption of the line 4046 of the arc will be different 
for the case of low pressure when diffusion takes place, and 
for the case of higher pressures when it does not. In the 
first case the absorption law will be simply 

I4O46 1^4046^""^?. 

where X is proportional to Xp,,; X=/*. . Ii^ That 

absorption law is similar to the law for the resonance line 
2537. The only difference lies in the numerical values of 
the absorption-coefficients. For low gas pressures the 
absorption of 4046 is considerably’' smaller than the absorp¬ 
tion of 2537, due to which I 4046 will be very nearly constant 

^ P. D. Foote, Phys. Rev. xxx. p. 288 (1927). 
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along the cross-section of the tube. Similar laws will 
govern the absorption of the lines 2967, 2753, 2534. 

To calculate the number of atoms in 2^Si we need only 
consider the absorption of 4046 and can neglect the atoms 
brought up by 4358, because when gases are present (large 
concentration of metastable atoms) the absorption of 4358 is 
many times smaller than the absorption of 4046. 

The number of atoms that reach the level 2^Si in the time 
unit will be then 

— <i(l4046) . da? =: X 14046^.2? =r ^ , 1^0 ^ ^ 

the number of atoms that leave it 

where Ts is not only determined by the emission probabilities 
of the lines originating in the level, as in the case of vacuo 
(see formula (21)), but also by the collisions of the second 
kind : 

^ + €x -r ^2 + D^. 

Therefore 


= Xts I4046 == - 9 '. T,. Ii®. P4046. ^ . . ( 36 ) 

gives the density distribution of the excited atoms on the 
level 2^Sx. The intensity of the lines emitted by the excited 
atoms in that level will be 

J 4358 = J 4046 == J 5461 = € 2^89 • (37) 

where the as in the case of vacuo, are the transition proba¬ 
bilities for each of the lines. We see that the intensity 
distribution along the cross-section of the tube is governed 
by the absorption of the line 4046, and must therefore be 
nearly constant. We shall see presently that this is con¬ 
firmed by the experiment. The intensity curves of all the 
lines emitted by levels supplied with electrons mainly by 
absorption of the metastable atoms will be similar to those 
above. Such is the case for the levels 3^Si, 3^Di, and 4^Di. 

Case of Higher Pressure. 

For the case of higher pressures of foreign gas, where 
diffusion does not occur, the absorption law of the line 4046 
will be similar to the absorption law of the line 4358 in the 
case of vacuo (see formulas (16) and (17)), since the density 
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distribution of the inetastable atoms in our case (formula (31)) 
is similar to the distribution in the level 2^Pi (see formula 
(12)) in the case of vacuo. It is then 

14046 = I»4046 I»4046 . (38). 

The difference in the case of vacuo is that the constant ^ is 
considerably larger than the constant a of 4358, due to the 
large number of atoms in the level 2^Po. In the former case 
the exponential function was practically equal 1, while it is 
here a markedly falling curve, which is shown by the fact 
that the line 4046 of the arc is reduced to less than ^ by the 
absorption in the cross-section of the tube (25 mm.), while 
the absorption of 4358 is not noticeable. 

The level 2^Si will be supplied, as before, practically only 
by the absorption of 4046. Its density distribution is then 
expressed by 

^ • l4046» ... * 

The re-emission lines wdll be 

J 4 O 46 = J 4308 ~ J 546 I == ^2^8 I 

or, if we write one of them in full, for instance, 4358, 

J 4358 = ^ . P 2587 • P 4046 • ^ ^ . (^0) 

21ie Intensity Distribution of the Lines, 

Now, let us compare this last expression with the corre¬ 
sponding ones for the cases of vacuo and at low pressures- 
In vacuo it was (see formulas (21), (20), (17), and (7),. 
Theory I.) : 

(vacuo ) J 4538 — Cl. a . T,. P 2537 P 4358 ♦ ,e 7^^ 2537 - 12537 ) *^ 

. . . (41) 

and in gases at low pressure ((37) and (36)) : 

(low pressure) J 435 S = ej. 3 . . 1^2537 P 4046 • . (42)^ 

* A comparison of the two formulae (40) and (41) allows us to calcu¬ 
late the ratio of the amount of metastahle atoms in the case of 

gases in regard to the amount of excited atoms in the level 2*Pi in the 
case of vacuo. We consider a volume element at the entrance-wall of 
the tube (^=0), and divide the two mentioned formula: 

(gas) _ 0p4O4e 
^^4358 (vacuo) « 1® 4353 

Now, this ratio has been found experimentally to be about 25 (enhance¬ 
ment of the lines by foreign gases). On the other hand, is proportional 

Phil, May, S* 7. Vol. 6. No. 40. Dec* 1928. 4 H 
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In the last case, as we have seen before, X is very small, so 
that we should expect: that the intensity distribution along 
the slit of the spectrograph, if we form an image of the 
cross-section of the tube upon it (see fig. 13), will be 
practically constant, or at least fall slowly. The central 
‘image of fig. 4 (PI. XXVI.) shows this case. In the case of 
vacuo, the last factor is practically equal 1 , as we have seen 
in the former paper, because of the faint absorption of 4358; 
thus the intensity distribution will be given by the absorp¬ 
tion curve of 2537 ; that is, we should expect the intensity 
to fall exponentially along the slit with the extinction con¬ 
stant 7 . The left-hand image of fig. 4 (PI. XXVI.) gives 
4358 for this case. Finally, in the case of gases at higher 
pressure, the last factor of formula (40) is no longer equal to 


Fig. 18. 



to the transition probability of 4358 and the density Np (see formulse 
iU) and (12)): ' 


and similarly 
Therefore 
In the arc 


25 ~ 


■^1 

-*-1 


_ •X4f)4(» 1^404B ^1*0 


A435« 


^435 8 _ O 


and therefore is also =2 (both lines are emitted hy the same 

level, so that their intensity ratio gives at the same time the ratio of the 
transition prohahilitiesl, and we have that 




This allows us to calculate the transition probability of the forbidden 
line 2656, as we shall see in a subsequent paper. 
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unity, but a falling function, and the intensity distribution 
of the line will be given by the product of two falling curves, 
the absorption curves of 2537 and 4046 of the arc. Fig. 14 
illustrates this case. The lower curve is the product of 
the two upper ones, and represents the distribution of the 
intensity of 4358 we should expect in this case. The right- 
hand image of fig. 4 (PI. XX.VI.) gives 4358 while 2 mm. 
water vapour were present in the tube. We see that the 
results are completely in agreement with the theory. The 
slow falling of the intensity in the case of low pressure con¬ 
firms once more the fact of the diffusion of the metastable 
atoms. The same changes are to be expected for all the 
lines emitted by levels supplied with electrons mainly from 
the level 2®Pi in vacuo, and from the level 2^Po in presence 

Fig. 14. 

Int. 



of gases (see fig. 2, Theory I., p. 1156), like 3®S|, 4^Di. 

The line 2654 of fig. 3 (PI. XXVI.) is included in this case. 
It is interesting to observe in fig. 3, a (PI. XXVI.) that the 
forbidden line 2656 is stronger than the strongest line of the 
pseudo-triplet (2654) at the bottom of the slit*, but that 
the contrary happens at the top of it. Fig. 15 illustrates 
this case. This ‘‘ crossing ” of the intensities of the lines is 
due to the fact that the line 2656 requires only one absorp¬ 
tion for its appearance, while 2654 requires two, and there¬ 
fore behaves like 4358. We shall see in the following paper 
that the ^‘crossing of the lines is very useful in determining 
the origin of the band spectra that appear in the optically- 
excited mercury vapour under certain conditions. Special 
allowance must be made for the fluorescence lines 4046, 

^ See also R. W. Wood and K Gaviola, Phil. Mag. vi. p. 271 (1928). 

4H2 
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2967, 2753, and 2535, because they are partly re-absorbed 
in the tube before reaching the quartz prism at the top of 
it, due to the large concentration of rnetiistable atoms* 
Fig* 6 (PL XXVI.) illustrates this case. We see that 4046, 
instead of increasing when water vapour is admitted into 
the tube, actually diminishes. This means that the absorp¬ 
tion of it, proportional to the number of metastable atoms, 
increases faster than its intensity. This may be due to 
collisions of the second kind of atoms in the level 2^Si. 

Fig. 4 (PL XXVI.) shows, further, that 4358 increases 
about twenty times at the top of the slit if we introduce 
2 mm. of water vapour in the tube, but does not change, or 
rather, decreases, at the bottom of it. Tliis is specially plainly 
shown by fig. 5 of the same Plate. If w^e measure changes* 
in the intensit}’^ of a line due to gases, the value obtained 


Fig. 15. 



will then greatly depend on the part of the image thrown 
upon the slit we allow to enter the spectrograph: then, 
it is usual to restrict the length of the slit in order to get 
more images into the plate. We can measure a decrease of 
4358 due to HgO or Ng if we use the bottom of the line, 
while we obtain a 20 times increase using the top of it. 
Wood had already observed* that the increments due to 
2 mm. nitrogen were in general larger for the region where 
the exciting beam enters than for the region of exit. That 
for 4046 he found the contrary is to be explained by 
re-absorption. 

The Density Distribution in the Levels 2^Pa and 2^Pi. 

We have already seen that the effect of gases is to decrease- 
the number of atoms on the level 2 ^P 3 as a result of collisions- 

♦ Phil. Mag., Sept. 1927, p. 486. 
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of the second kind, and to increase it again if the pressure 
grows, because of the enormous enhancement of the green 
line which supplies that level with electrons. Because no 
diffusion of the atoms in 2^1^^ takes place, the density curve 
along the cross-section of the tube will be determined by the 
density distribution of the green line 5461 in each case; that 
is, it will fall exponentially in the case of vacuo, it will be 
practically constant in the case of gases at low pressure, and 
it will fall sharply in the case of higher pressures. The 
same will also be true for the upper levels communicating 
only with 2^P2, like 3^03 and ; thus the lines 3650 and 
3021 will present the same changes of relative intensity 
along the slit, under different conditions, as the line 4358 ; 
their absolute intensity will decrease at first and increase 
afterwards, while the intensity of 4358 increases steadily 
with the gas pressure. These predictions have all been con¬ 
firmed experimentally. The distribution in the level 2^Pi 
will not be changed by the gases ; only its mean life will 
diminish, due to collisions of the second kind, and with it 
the number of atoms on that level. The density distribution 
of the level 2^So (see fig. 2, Theory I., p. 1156) will be then 
always given by the absorption curve of the resonance line 
2537. The intensity of the line 4077 emitted by that level 
will then decrease with gases without changing its intensity 
distribution. That has been found also experimentally to be 
the case. 

The levels like 3^D2, 4^D2, 4^D2, etc., which are supplied 
with electrons more or less from both levels 2*P2 and 2®Pi 
at the same time and in comparable quantities, wdll take a 
position more or less midway between the behaviour of 3650 
and 4077. The lines emitted by those levels wdll, in general, 
decrease if gases are present. That is really the case for the 
lines 3125, 3654, 3024, 2652, 2655, ‘ 5770. Fig. 7 

(PL XXVI.) shows the clear decrease of 3125 if gases are 
admitted ; also that the decrease is stronger at the bottom 
than at the top of the line, as would be expected. The 
level occupies a special position in that it communicates 
already with the level 2®Po by means of the line 2967*5, but 
this line is extremely weak ; thus the density of the level 
decreases with gases, but less rapidly than the level 3^D2. 
This explains the different behaviour of the yellow lines. 
The intensity of both lines decreases if gases are admitted, 
but 5770 about twice faster than 5790. The line 3131 
takes a position midway between the behaviour of 4358 and 
3125, due to the fact of its being a double line. The same 
is true of 3663 and 2967. 
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The special behaviour of the levels 3^Si, and 3^So in the 
case when the tube is illuminated through a combined 
chlorine-bromine filter and gases are admitted (see R. W. 
Wood, Phil. Mag., Sept. 1927, p. 480), has been satisfactorily 
explained by Beutler and Josephy * to be due to the fact that 
those levels have an energy very nearly equal to double the 
energy of a metastable atom ; and it seems that, bj’^ collisions 
of two metastable atoms, there is a large probability for one 
of the atoms to take over the whole energy, provided the 
rest of the energy that has to be transformed in kinetic 
energy is small. 

We see, then, that the behaviour of all the lines appearing 
in the mercury fluorescence can be readily explained by 
means of our theory. 


Summary. 

(a) The increases and decreases of the intensities of the 
mercury lines in the optical excitation of mercury vaf)onr 
when foreign gases are admitted into the fl^uorescence tube 
are readily explained, using the results of our theory on the 
optical excitation of mercury vapour (Theory I.). 

(b) The inflaence of diverse gases upon the absorption of 
the line 4046 by the metastable mercury atoms has been 
studied experimentally in order to determine the amount of 
metastable atoms produced by each of the gases at different 
pressures. 

(c) Diffusion of metastable atoms has been directly 
demonstrated, showing their long lifetime. 

(d) The higher metastable level 2^P2 is very sensitive 
to collisions with gas molecules, and its lifetime when no 
foreign gas is present has been calculated to be of the 
order 10~^ sec. 

(e) The mean life of the lower metastable level 2^Po has 
been calculated to be of the order of of a second under 
our conditions, and a further calculation shows that it can 
increase to about 10 seconds under ideal conditions {in stars, 
for instance). 

( f) The efficiency of quenching collisions of nitrogen with 
excited atoms in the resonance level is found to be of the 
order of magnitude 1, as assumed by Foote, and not ’OIS, 
as calculated by Stuart. 

(g) The number of metastable atoms produced by the 
presence of a few millimetres of nitrogen or water vapour 


^ Beutler & Josephy, Phil. Mag. v. p. 222 (1928). 
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is estimated to be about one hundred times larger than th# 
number of excited atoms in the resonance level, 

(h) The different changes of the intensities of the lines 
along the slit of the spectrograph when gases are admitted 
and an image of the cross-section of the tube is formed upon 
it, are explained for every one of the lines appearing in 
fluorescence. 

Professors R. W. Wood and K. F, Herzfeld had the kind¬ 
ness to read this work in manuscript, and to suggest many 
improvements, for which I wish to express my indebtedness 
to them. 

The Johns Hopkins University, 

Baltimore, Md. 

June 30, 1928. 


CXVI. Photosensitized Band Fluorescence of OHy HgH^ 
II^O^ and FUs Molecules, By E. Ga viola, Ph,D.^ 
Fellow of the Bit. Fduc. Boards and R. W. Wood, LZ/.J?., 
For. Memh.H.S.* 

[Plates XXVn. & XXVHL] 

Bitroduction. 

rilHE appearance of several band spectra as a result of 
Ji photosensitized fluorescence was observed by Wood 
in his early work on the optical excitation of mercury vapour, 
and a summary descri[)tion (page 781), and a few photo¬ 
graphs of the bands have been already published. The OH 
band (f water-hand at 3064 was especially conspicuous, 
and appeared when nitrogen was present in the tube^^^ 
During the work of the authors on the best conditions for 
the appearance of the “ forbidden line 2656 of mercury 
it was observed that the OH band >vas present in the fluor¬ 
escence also when water vapour is introduced into the tube, 
if care was taken that too much free hydrogen did not 
accumulate in the tube as a result of the decomposition of 
the water molecules into H and OH, which can be easily 
avoided by admitting a suitable quantity of oxygen, which 
takes care of the excess of free hydrogen by combining with 
it to form HO, H 2 O, and H202* It was also observed that in 
general the conditions under which the forbidden line 2656 
was brightest were the same for which the OH band appeared 

♦ Communicated by the Authors. 
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with the maximum intensity, which is due to the fact that 
both are directly or indirectly originated by the presence of 
a large amount of metastable atoms with electrons on the 
level 2^Po. 

A more detailed study of the bands was taken up in the 
present work in order to identify the rest of the bands and 
to find out the conditions under which each of them appears, 
together with the possible chemical reactions that give rise 
to the molecules responsible for the emission of the bands. 
As an additional result very interesting data on the dis¬ 
sociation energy of water and nitrogen have been found. 

Apparatus. 

The apparatus was the same as described in the earlier 
papers (see fig. 13, Theory II., p. 1186). A drop of mercury 
was always at the bottom of the resonance tube. The desired 
gases could be admitted through capillaries connected with 
the different bulbs or the air of the room, and a palladium 
tube served for the admission of hydrogen, while the resonance 
tube was disconected from the pump by a barometric mercury 
seal. The fluorescence tube \ras always saturated with 
mercury vapour and at room temperature. 

Conditions for the Appearance of the Bands. 

OH and HgH .—If the tube is evacuated and the mercury 
diffusion pump kept running no bands appear, with the 
exception of a faint one beginning at 2537 and fading 
rapidly towards the red side of the spectrum, in spite of 
fairly long exposures. If, now, 2 to 10 mm. of nitrogen are 
admitted, and if this nitrogen has not been specially freed 
from humidity, the OH band at 3064 and 2811 appears fairly 
bright, and further to the red a set of bands with clearly 
separated lines and with heads at 4222, 4012, 3724, 3509, 
etc., which can be obtained on the plate with a few minutes’ 
exposure. The spectrum 1 of fig 1 (PI. XXVII.) shows this 
case, and was taken while 5 mm. of moist nitrogen were in the 
tube. A rough measurement of the set of bands at the red 
side of the OH band 3064 showed that they are identical 
with the mercury hydride bands, which w’^ere formerly 
erroneously classified as the ‘^mercury band spectrum.” 

If we introduce a very small amount of oxygen (*001 mm.) 
into the tube containing the moist nitrogen, the mercury- 
hydride bands disappear as shown by spectrum 3 (fig. 1), 
leaving the OH bands stronger than before (not showm 
stronger in the photograph because 3 has a shorter exposure 
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than 1), and a diffuse band with maxima at 3360-70 A. 
(indicated by an arrow in spectrum 3) which was rather faint 
in spectrum 1 increases considerably in its relative intensity. 
NH .—This band has been found to be the so-called 
ammonia’’ band, due probably to a NH molecule, which 
will be discussed more fully presently. If we admit more 
oxygen to the tube, the NH band at 3360—70 A. disappears 
also, leaving the OH bands alone, as shown in spectrum 4. 
All these changes are perfectly reproducible, and, wdth a 
little practice, it is easy to obtain any of the desired band 
combinations 

and HgH ,—If we pump out the nitrogen and intro¬ 
duce 2 mm. of water vapour from a bulb containing CUSO 4 
crystals, we obtain spectrum 2 of fig. 1 (PI. XXVII.), which 
shows the OH and the HgH bands as in the case of nitrogen, 
but in which a new continuous spectrum appears extending 
from 2537 to 3200 A. w ith a maximum around 2800 A. very 
clearly visible in spectrum 2 , forming a background for the 
OH band at 2811. The NH band of the former case is now 
absent, as was to be expected. 

It is interesting to compare the HgH bands obtained with 
nitrogen and water vapour. We see in spectra 1 and 2 of 
fig. 1 , or better in its enlargement in fig. 2 (PL XXVIIL), 
that in the case of water vapour the band-iieads are much 
brighter than the higher rotational terms, while the contrary 
happens in the case of nitrogen. The very distinct band-head 
at 3722-28 A. (fig. 2) in the case of water appears lost among 
the tail lines of the band 4012-17 in the case of nitrogen. 
This curious disparity might be due to the fact that water 
vapour quenches the higher rotational levels, throwing the 
excited HgH molecules to lower levels, an effect which would 
not be exerted bj'' nitrogen. 

If w^e introduce oxygen (few thousands of mm.) to the 
tube containing about 2 mm. water vapour, we obtain spec¬ 
trum 5 of fig, 1 . The HgH bands have disappeared, leaving 
the OH and the continuous band at 2800 alone. The intensity 
of the continuous band at 2800 is proportional to the amount 
of w^ater vapour, provided the little free hydrogen that 
*develops is continually neutralized with oxygen. 

NH ^,—We would confirm the results of Dickinson and 
Mitchell that the introduction of NHg in the tube pro¬ 

duces the 3360-70 band, and in addition to it a continuous 
band extending from 2900 to 4000 A. with a maximum at 
about 3450 A. Spectrum 6 of fig. 1 was taken while about 
5 mm. of 1^2 ^ tenths of a millimetre of NH 3 were 

in the tube, and shows well the continuous band and the 
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3360-70 band at the long wave-length side of the line 3341 
of mercury. It is interesting to observe that the OH band 
at 3064 has disappeared for the first time, or is at least 
greatly reduced from its customary intensity, which is pro- 
bably due to the formation of some NH3—OH or similar 
molecules, which take care of the OH formed, before it has 
a chance of being excited by an excited mercury atom. 

Spectrum 7 shows the effect of a mixture of nitrogen, water 
vapour, ammonia, and some air for neutralizing the excess of 
hydrogen ; all of the bands described so far appear together, 
demonstrating the possibility of the coexistence of N2, H2O, 
OH, NH, NH3, and HgH molecules. 

The Intensity Relations. 

In a previous paper the authors have described how the 
intensity of the diflFerent mercury lines in fluorescence is 
proportional to the first, second, or third power of the in¬ 
tensity of the exciting light, according to the number of 
successive absorptions necessary for the emission of each line, 
and how this could be easily tested by reducing the primary 
intensity a known number of times, using a wire gauze inter¬ 
posed between the arc and fluorescence tube and measuring 
the consequent reduction in the intensity of each of the 
secondary lines. If the primary light is reduced 5 times,, 
the resonance line 2537 and the ‘^forbidden line’’ 2656 are 
decreased 5 times, nearly all of the others 25 times (or 5^), 
and 3650 and 3021 125 times {=5^). Knowing this we can 
tell, independent of any level diagram, that 3650 requires 
three successive absorptions for its emission, while 2656 
requires only one. The theoretical foundation of this rule 
has been given in a paper by one of us (Theory L). Now, 
we can apply the same test to the bands, and that will help 
us to guess the chemical gas-reactions which go on in the 
tube and give rise to the bands. All of the bands are 
produced by collisions with excited mercury atoms, and not 
by direct absorption of light of the mercury arc, which is 
plainly proved by the fact that, as soon as the line 2537 of 
the arc reverses owing to overheating of the arc or to absence 
of the deflecting magnetic field, the bands disappear without 
exception, together with the mercury fluorescence. The 
power-relation of* the intensity of a band in regard to the 
primary intensity tells us then how many excited mercury 
atoms are used in the production of an excited molecule 
responsible for the emission of the band. 

As a result of careful measurements it has been found that 
the intensity of the two continuous bands due to the presence 
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o£ water vapour and ammonia are directly proportional to 
the primary intensity ; the emission of them requires, then, 
a single collision with an excited mercury atom while the 
HgH band grows with the second power, which indicates 
that the emission of each light-quantum of the band requires 
the co-operation of two excited Hg atoms. The NH and 
OH bands appear to be proportional to a power intermediate 
between 1 and 2, the reason for which is to be sought in the 
greater stability of those molecules, some of which can 
survive, under given conditions, more than one excitation, 
a case which will be more fully discussed presently. 

Fig. 4 (PL XXVIII.) gives an illustration of the wire- 
gauze method : spectrum a was taken while nitrogen, 
ammonia, and some water and air were in the tube, and shows 
the 3064 OH, the continuous ammonia band, the 3360—70 
NH, and the 4012 HgH band; spectrum h was taken with 
exactly the same mixture while a wire gauze reducing the 
primary intensity about 4 times was interposed between arc 
and tube and the time of exposure increased about six-fold: 
bands proportional to the first power should be enhanced 
1*5 times, while those proportional to the second should 
diminish about ten-fold in image h, We see that the con¬ 
tinuous XH- band has become enhanced, while the HgH 
band-head at 4012 has practically disappeared and the NH 
and OH bands are greatly reduced in intensity. Bemoving 
the gauze and giving a short exposure again, we obtained an 
image equal to a, shoAving that the gas mixture had not 
changed practically during the experiment. It is curious and 
interesting that the intensities of ditFerent bands appearing 
as photosensitized fluorescence can be changed relative to 
each other simply by modifying the intensity of the exciting 
light. 

There is another A^ery elegant and simple method of deter¬ 
mining the power relation of the intensities : the falling off 
of the brightness of the bands along the cross-section of the 
tube. If we form an image of the cross-section of the tube 
upon the slit of the spectrograph, we obtain a spectrum like 
the one in fig. 3 (PL XXVIIL), which shows that the bands 
decrease in their intensify along the slit Avith different rates 
of speed. This rate will depend on the way the bands are 
excited by the excited mercury atoms 

The only excited atoms which come into consideration for 
the excitation of the bands are the atoms in the resonance 
level 2^Pi and the metastable ones in the lower leA^el 2^Pq. 
All other excited atoms are so few in number and of such 
short life that they haA^e little or no chance of hitting any 
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molecules if the gas pressure is kept below a few millimetres, 
as has always been the case in the present work. Now the 
density distribution of the relevant atoms along the cross- 
section of the tube is given by the absorption law of the 
line 2537 of the arc 

1=10 

which represents an exponential falling curve (see E. Gaviola, 
Theory II., p. 1187) like curve a in fig. 5. The intensity dis¬ 
tribution of the bands, whose intensity is directly proportional 
to the primary intensity, that is, to the number of excited 
atoms, will be given also by curve a, while the bands propor- 


Fig. <5. 



tional to the second power will decrease along the slit with the 
square of curve a, which is represented by curve h in fig. 5 . 
(A similar condition occurred in the case of the forbidden 
line ” 2656 (first power) as compared with 2654 (second 
power), and was illustrated by fig. 3, a, of PI. XXVI. in 
Theory II.) We come now to fig. 3 (PL XXVIII.), which 
was obtained while 2 mni. of water vapour were present in 
the tube, and shows how the HgH bands decrease very 
rapidly in their intensity along the slit (quadratic relation), 
while the OH band does it less suddenly and the continuous 
HfiO band at 2800 less still (first power). That the OH 
band falls more rapidly than the continuous water band can 
be seen plainly by comparing this last with the 2811 branch 
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of the first, which is superposed on the continuous water 
band : the lines of the OH band appear bright upon the 
continuous background at the top of the slit, while they* 
become lost in it at the bottom of the slit. Image 3 of 
fig. 1, which was taken in the same way, shows that the NH 
band at 3360-70 decreases along the slit parallel with the 
OH band. All of this confirms the results obtained with 
the wire gauge, that the intensity of both continuous bands 
is proportional to the first power, the HgH to the second,, 
and the NH and OH bands to a power between the first and 
second. 


Interpretation of Results, 

Now that we know the conditions under which each of 
the bands appears and the number of excited Hg atoms which 
each molecule requires for its production and excitation, we 
can try to interpret the processes which take place in the 
tube in the different cases. 

llie Action of Water Vapour, 

Let us consider first what happens when we introduce a 
few millimetres of water vapour into the tube containing 
excited mercury vapour ; "Wood and, later, Senftleben & 
Rehren^^^^ and Bates have observed that the H 2 O 
molecule is dissociated in this case, and thej were able to 
detect the presence of free hydrogen after the illumination. 
The appearance of the HgH and OH bands in our case 
confirms that dissociation takes place, and the fact that a 
little oxygen is able to bring the radiation back to full 
intensity when it begins to decrease by continued operation 
of the tube, shows the presence of free hydrogen which 
quenches the fluorescence. So far our results are in full 
agreement with those of the previous authors. Senftleben 
and Rehren concluded that the dissociation energy of HgO 
into H and OH had to be smaller than 4*9 volts, the exci¬ 
tation energy of the mercury atoms. They showed also that 
only the reaction 

HsO-^H-fOH 

comes into consideration. Now, on the other hand^ it has 
been found by us that water vapour is most efficient in 
producing metastable Hg atoms, which shows that by 
collisions of an HjO molecule with an excited Hg atom in 
the 2^Pi level in most cases no dissociation takes place, but 
that the atoms are thrown down to the metastable level 2^Po> 
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as happens with N 2 . Furthermore, we have seen in our 
calculation of the lifetime of metastable atoms (Theory II.) 
that these atoms can survive at least 10^ collisions with water 
molecules without giving up their energy. These facts 
speak in favour of the assumption that 4*9 volts are probably 
not quite sufficient for the dissociation of HgO into H and 
OH, and that dissociation takes place only in the very few 
cases when the difference of energy can be taken out of the 
kinetic energy of fast-moving molecules. This is corrobo¬ 
rated by the fact that Senftleben could never obtain more 
than 10”^ mm. of H, out of 4*6 mm. of water vapour after 
one illumination, and that Bates found for the reaction a 
very low efficiency compared with other processes. The 
dissociation energy of HgO into is 10*4 volts; 

therefore 

H 2 + i (O 2 ) = H 2 O 4- 2*5 volts 
H + H = H24-4*38 „ 

0 = i ( 02 ) 4 - 3*51 volts 

H -f- H 4* O = HoO 4 -10*4 volts 

If we assume with Senftleben and Rehren that the dis¬ 
sociation into H and OH requires less than 4*9 volts, we 
shall have to admit that OH requires more than 10*4 — 
4*9 r=:5*5 volts to dissociate. There is no good reason why 
the separation of the first H atom from H —O —H should 
require at least 0*6 volt less energy than the separation of 
the second one. We have seen that our results make it 
probable that the dissociation energy of H 2 O into H and 
OH is slightly more than 4*9 volts. If we assume that the 
separation of each of the H atoms from H 2 O requires about 
the same energy, we obtain 5*2 volts as the linkage energy 
of H-OH and of 0-H:— 

H 20 + 5-2 voIts=H4-OH 
OH + 5-2 „ ^H-fO. 

These two values need not, of course, be absolutely equal. 
All that our results say is that the value for the first reaction 
is slightly larger than 4*9 volts. The value 5*2 volts is quite 
plausible if we consider that at room temperature about 
X 10~5 molecules have a kinetic energy sufficient to 

make up the difference between the 4*9 volts of the excited 
mercury aiid the required 5*2 volts. This proportion repre¬ 
sents about the number of collisions effective in dissociating 
H 2 O. Water vapour is practically inoperative in destroying 
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the metastahle atoms in the level because in this case 
the difference between the 5*2 volts required and the 
4"68 volts of the mentioned atoms is too large to be taken 
out of the heat energy of the vapour. 

Resuming, we can say that the action of water vapour 
consists mainly in the bringing of excited atoms, which were 
in the level 2^Pi, down to the metastable level 2^Po as a 
result of collisions, very few of which may lead to dissocia¬ 
tion of HgO into H and OH, and that collisions with 
metastable atoms are completely ineffective. 

T'he HgH Bands, 

The mercury-hydride bands have been carefully measured 
by Liese^®^, and afterwards by Hulthen who attributed 
them to a HgN molecule. Kratzer^*^^ objected that the 
momentum of inertia of HgN would be too large for the 
bands and suggested that they may be due to mercury 
hydride instead—a suggestion that was accepted by 
Hulthen and supported by Mulliken Compton and 
Turnerfound that the bands appear in electrical dis¬ 
charge-tubes only when mixtures of mercury and hydrogen 
are present, and assumed that the reaction involved was 

Hg' + H^-^HgH-hH. 

They tried to excite the HgH bands optically with a mercury 
arc, but without success, which was probably due to the fact 
that they had too much free Hg in the tube which destroyed 
the excited mercury atoms, so that, also supposing that 
HgH were formed according to the reaction given above, 
the HgH molecules would have no chance of being excited 
by collisions with further excited Hg atoms, which is 
necessary for the emission of the bands. We shall see later 
that the reaction involved is probably Hg'-f H 2 ~>Hg-f 2H, 
and not the one given above. In a further analysis of the 
bands, Hulthen calculated the dissociation energy of 

the normal HgH molecule to be 0*37 volt, and assumed that 
the reaction involvedwas 

Hg'4-Hs-^HgH'-fH 

HgH'->Ay 4- Hg -f H, 

where the excited Hg atom was supposed to be in one of the 
2^P levels. This reaction is not possible because the energy 
of the excited Hg in the levels 2^P is not nearly sutEcient 
to dissociate the hydrogen molecule (4*4 volts) and at the 
same time excite the HgH molecule, for which at least 
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4 volts ure aecessary. The second assumption that the 
excited mercury-hydride molecule dissociates after emission 
is in agreement with our results, as we shall see later. 

We have seen above that the HgH bands appear when 
water vapour, or also when moist nitrogen, is present in the 
tube. Both gases are very effective in producing a large 
concentration of metastable atoms, and in both cases a small 
amount of free hydrogen is developed in the tube. These 
are the two necessary conditions for the appearance of the 
HgH band. In fact, if we introduce pure dry nitrogen, 
metastable atoms are generated, but the band does not 
appear. Introducing, now, a small amount of hydrogen 
(0*001 mm.) through the palladium tube, the band shines 
out immediately. On the other hand, a small amount of 
hydrogen alone is not able to produce the HgH, band, in 
spite of the presence of excited mercury vapour, showing 
that the presence of a large concentration of metastable 
atoms (generated by the nitrogen) is necessary. This 
discards the assumption of Hulthen that collision of an 
excited mercury atom with hydrogen would produce an 
excited HgH^ molecule and a H atom, for in this case the 
band should appear with hydrogen alone, but we have seen 
already that this reaction is also impossible from the energy 
point of view. If the amount of hydrogen introduced 
through the palladium tube is increased, the HgH band 
fades away together with the whole fluorescence, owing to 
the quenching action of hydrogen. 

We have also seen above that the admission of a little 
oxygen (or air) produces the disappearance of the HgH 
band and at the same time enhances the OH band. 
Obviously, the oxygen neutralizes the little free hydrogen 
forming more OH, and at the same time the concentration 
of metastable atoms increases, due to the disappearance of 
the quenching free hydrogen. The reaction involved is 
probably 

Hg' + 02->Hg + 02' (Dickinson and Sherrill ^^^^) 

Hg' + H 2 ~>Hg q- 2H (see below) 

OZ + H-^O + OH 

0 -4- H2-“^H20. 

When about 2 mm. of nitr^en are present in the tube, the 
disappearance of the HgH band is then due to the full 
neutralization by the oxygen of the little free hydrogen 
present, giving OH and H 2 O as a result, and since no free 
hydrogen is left, no HgH can be formed. When 2 mm. of 
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water vapour are present in the tube, the disappearance o£ 
the HgH band produced by a little oxygen is not so easy to 
explain: Hulthen^^^^’<^^^ has calculated that the linkage 
energy of normal HgH is 0*37 volt. This being so, the 
reaction Hg'-h H20*->HgH-f OH is energetically quite 
possible if we admit for the dissociation energy of H—OH 
about 5*2 volt, as we have done before. Now, if this reaction 
should occur to any considerable extent, water vapour would 
quench the resonance radiation without producing inetastable 
atoms, and the energy would thus be used for the dissocia¬ 
tion of HgO into H and OH, and water would behave like 
hydrogen ; but we know that this is not the case, and that by 
collisions with water the 2^Pi atoms fall down to the 2^Po 
level, which shows that the above reaction occurs rarely, if 
at all. This fact could be interpreted either by assuming 
that the dissociation energy of H — OH is more than 4*9 •+- 
0*37 = 5’27 volts, or that HgH is not able to exist in the 
normal state, but only when it is excited. It is known 
that the excited molecule is more stable than the unexcited,, 
and that excited ones probably dissociate after the emission 
of light. Furthermore, if normal HgH molecules were 
formed directly by collisions with water, and persisted for at 
least sec., such molecules would have a good chance of 
meeting excited (metastable) mercury atoms, becoming 
excited by them, and emitting the HgH bands. The 
reaction would be 

Hg'q-H^O-^HgH+OH 
HgH -p Hg'—>HgH' -h Hg 
HgH^-^/iv + HgH. 

If this were the case, the emission of the HgH band in the* 
case of water vapour should not depend on the presence of 
free H 2 ; on the contrary, it should be strongest when no 
quenching Hg is present. We have seen that this is not the 
case : the HgH band disappears together with the free Hg., 
Normal HgH is then not formed, or, if formed, it lives less 
than 10“"® sec. (time necessarj'^ to meet an excited atom) and 
dissociates. To describe the appearance of the HgH bands* 
with an intensity proportional to the square of the arc- 
intensity, we propose the following reaction :— 

Hg' -f HgO-^Hg -h H -h OH 
H+Hg'~>HgH' 

HgH'~>Hg + H + Av 
H-i-OH-^HsO. 

Phil. Mag- S. 7. Vol. 6. No. 40. Dec. 1928. 


4 1 
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The concentration o£ H-atoms will be (in first approximation) 
in this case proportional to the exciting light-intensity ; the 
concentration ot Hg' atoms is also proportional to it. Thus 
the concentration of HgH' molecules and the intensity of 
the band emitted by them, which is proportional to the 
product of the two factors, should be proportional to the 
square of the primary light-intensity ; and this is really the 
case, as we saw before 

The appearance of the HgH band when ISTg and little H 2 
are present in the tube can be described in the following 
way ;— 

Hg'4 --f-2 H 
H -4- etc., 

or also 

H 2 '-l-Hg'~>HgH-l“H, etc., 

where Hg in the second case would have to be brought up to 
some metastable state, in order to await the next collision 
with an excited mercury atom. This last reaction has 
already been suggested by Dickinson and Mitchell in 
order to describe the photochemic formation of water out of 
H 2 and O 2 in the presence of mercury vapour. In both 
cases the quadratic intensity relation is satisfied. 

The OH Bands, 

The OH bands were discovered by Huggins and Liveing 
& Dewar in 1880, and studied and analysed afterwards 
by Watson Tanaka and Jack among others. They 
often appear in discharge-tubes as an impurity. 

In our case, as said before, the relation of the intensity of 
the band in regard to the primary intensity lies between the 
first and the second power, and we will try to interpret this 
behaviour. Let us consider the case when water vapour is 
in the tube. OH will be formed by following reaction : 

Hg' + HaO-^Hg -f H + OH, 

And the rate of formation, which we know is very snjall, 
would be proportional to the arc intensity (number of Hg' 

* Another possible description of the facts is 

Hg'4-HaO->Hg+HaO^; H^O'+Hg^-^OH+HgH^ etc., 

where water would be brought up to some metastable level in order to 
await the next collision with Hg'. 
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atoms). The OH is a rather stable molecule, and by collision 
with another excited mercury atom will itself become 
excited and emit as a result of it the OH band : 

OH+Hg'->OH' + Hg 

OH'->Ai^ + OH. 

If the lifetime of the OH molecule is such that it does not 
survive in general more than one excitation, the intensity of 
the band should be proportional to the second power of the 
arc intensity because each band-quantum would require two 
excited mercury atoms for its emission : one for the formation 
of OH out of H 3 O and one for its excitation according to the 
reactions outlined above; 011 the other hand, if the lifetime 
of OH is so long that it survives several successive excitations, 
the concentration of OH in the tube will be practically con¬ 
stant, and the chance of meeting an excited mercury atom 
will be simply proportional to the number of them ; that is, 
to the first power of the primary intensity. The experimental 
fact that the power relation lies between 1 and 2 shows that 
OH survives more than one excitation, but less than, say, 
three. The mean life of the OH molecule is then of the 
order of magnitude of the time-interval between two collisions 
with excited mercury atoms, which can be roughly calculated 
using the results obtained by one of us in Theory IL It was 
found there that we have in our own case about 100 times 
more metastable than atoms. Now, our resonance tube 
absorbs roughly 10^® 2537 light-quanta per sec. in a volume 
of 20 cm.^, and since the life of is 10 “^ sec., 

Np^ = 10 '» . 10 -’'= 10 "^ and Np,= 100 . 10 ^' = 10 ^^ 

which is about one hundredth of the number of normal 
atoms. 

The number of collisions of a OH molecule with this 
number of raetastable atoms is about 100 per sec., and the 
time between two consecutive collisions sec., which is 
then the order of magnitude of the lifetime of the OH mole¬ 
cule. Since the lifetime of OH is limited, it must be 
destroyed in some way. 

Senftleben and Rehren assume that the reaction 

OH-pOH-h^HsOs 

might account for it, although they could not detect the 
formation of hydrogen peroxide. Marshall and, later, Bates 
& Taylor and Bonboeffer & Loch have detected 
a.nd measured it. If we assume that this is the way in which 

412 
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OH is destroyed^ the probability of meeting another OH 
molecule must be of the same order of magnitude as the 
probability of meeting another excited mercury atom, which 
amounts to saying that the concentration ot OH must be 
about equal to the concentration of excited mercury atoms^ 
W^e know this last concentration to be 

10^^ atoms. 

Now, knowing the concentration N and the mean lifetime 
T, we can calculate the rate F of formation of OH since 

F=N/t. 

There are, then, F = 100.10^^= 10*^ OH molecules pro¬ 
duced per second. 

The number of collisions of one 2®Px atom with water 
molecules (w^ater pressure 2 mm.) is of the order of magni¬ 
tude of 2.10^. The total number of such collisions is then 
2.10". 10^^=2.10^^ per sec. ; and since the number F of 
water molecules dissociated is 10^% only one in 2.10® collisions 
leads to dissociation. This number is larger than the number 
found before for the ratio of molecules having a kinetic 
energy of 0*3 volt (difference between the 4*9 of Hg' and 
the assumed dissociation energy of 5*2 volts for the H^O 
molecule). The agreement would be complete if we assumed 
5*1 volts for the said dissociation energy, but we do not lay 
stress upon this calculation because the number of light- 
quanta emitted by the arc is not known with sufficient 
accuracy. 

The NH Band. 

The NH band at 3360—70 A, was first photographed by Eder 
in 1892, who called it the ultra-violet ammonia baiid,’^ 
and obtained it by burning an ammonia oxygen flame. 
Deslandres calls it the third positive group of nitrogen, and 
Kaiser (v. p. 836) says that it doubtless belongs, not to NHj, 
but probably to NO. Later, Lewis found that it appears^ 
in a discharge-tube with all mixtures of Ns and Ha, but 
not with Ng or alone, and concluded that it might 
reasonably be attributed to ammonia.^’ Fowler and Gregory 
published beautiful photographs of it. Bair thought 
tbat the 3360-70 A. band was very probably due to ammonia, 
and that may be due to a compound of nitrogen and 
hydrogen, which is more stable than ammonia.’'* Barrat 
was the first to suggest NH as the origin of the band, in spite 
of which Kwei still believed it to belong to NH^. Finally,. 
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Hulthen and Nakamnra analysed the spectrum and 
decided that it belonged to NH, which is in complete agree- 
ment with our results. 

As we saw at the beginning, the NH band, together with 
the HgH and the OH band, appears if moist nitrogen is 
introduced into the tube. Apparently, the necessary factors 
for its production are, besides excited mercury atoms, nitrogen 
and very little free hydrogen ; then, after a certain time of 
illumination, the 3300—70 band decreases in favour of the 
mercury hydride band, due probably t© the fact that too much 
free hydrogen is developed from the moisture in the tube, 
which is confirmed by the fact that the introduction of a little 
oxygen restores the Nil, diminishing at the same time the 
HgH band. The interesting fact that of the two hydride 
bands, NH and HgH, the nitrogen one reaches its maximum 
intensity in our case with a smaller hydrogen quantity 
than the mercury one, is confirmed by the following direct 
experiment: we admit to the tube only fully-dried nitrogen 
at a pressure of about 4 mm., and no bands appear; we 
warm the palladium tube with the reducing zone of a small 
gas flame in order to let hydrogen in at a very low^ rate, and 
we observe that the NH band appears first alone, reaches its 
maximum intensity and begins to decrease slowly when the 
HgH band first appears, increasing until it reaches a maxi¬ 
mum, when the NH band has already weakened considerably. 
This curious difference in the behaviour of the two hydrides 
may be due to the greater stability of the NH molecule 
when very little hydrogen is present: in fact, if very little 
hydrogen is in the tube, it wdll be probably completely 
dissociated by collisions with excited mercury atoms, so 
that only hydrogen atoms will be present, which, if they meet 
a nitrogen atom, wdll be bound by it to form NH, and they 
remain bound to it for a long time, due to the great stability 
of this molecule. On the other hand, if they meet excited 
mercury atoms, they will form HgH, wdiich will dissociate 
after emission of one quantum of radiation, leaving the 
H-atoms free for combination with nitrogen atoms, the result 
of which will be that in a short time all the In^drogen will 
be used up in the formation of NH, and that only this band, 
excited by collisions with metastable mercury atoms, will be 
present. If more hydrogen is admitted, H-atoins will be 
available for the formation of HgH and the emission of its 
band, which explains its enhancement, while, on the other 
hand, some of the NH will be destroyed by Hg forming 
ammonia (NH+Hij->NHa) or also by H forming NH 2 , and 
at the same time the amount of metastable atoms will begin to 
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be quenched by the molecular hydrogen, which explains the 
decrease of the Nfl band. The destruction of NH to form 
NH 3 is supported by the fact that Noyes found ammonia 
formed photochemically out of nitrogen and liydrogen under 
conditions similar to ours. 

If the given explanation is correct, the intensity of the 
NH band in the case of very little hydrogen (NH appears 
alone) should be very nearly proportional to the first power 
of the arc intensity, for in this case the amount of NH present 
would be constant (great stability), and, excited again and 
again by collisions, the intensity of the band should be simply 
proportional to the number of collisions with excited mercury 
atoms; that is, proportional to the number of excited Hg 
atoms, or, what is the same, to the primary intensity* In the 
case of more hydrogen, which w'ould put a limit to the life of 
the NH molecules, the concentration of the latterwould depend 
on the arc intensity, and we should expect a higher power 
relation than the first. Now, this is precisely what happens : 
with very little hydrogen the intensity relation approximates 
to the first power, while with more hydrogen it approaches 
the second power. We have now to find an explanation for 
the appearance of the band with that intensity relation of the 
last case. NH is probably formed by the combination of 
atomic nitrogen and atomic hydrogen 

H+H~>NH', 

giving an excited hydride molecule due to the heat of com¬ 
bination of about 4 volts (see Bates and Andrews The 

number of excited molecules formed in this way is pro¬ 
portional to the product of concentrations of N and H, and 
since the concentration of atomic hydrogen is probably con¬ 
stant (due to the fact that all H^ present is dissociated), the 
concentration of atomic nitrogen ay a function of the primary 
intensity will determine the power relation of the intensities, 
which, as we know, lies between 1st and 2nd. Now, if we 
make an allowance for the NH molecules which are excited 
more than once during their lifetime, as was done in the case 
of OH, which lowers the power relation, we cun assume tliat 
the concentration of atomic nitrogen is proportional to the 
square of the number of excited mercury atoms, which means 
that the production of a nitrogen atom requires two excited 
mercury atoms. This would be the case if we assume that 
N 2 is dissociated by a three-body collision with two excited 
mercury atoms 


N2+2Hg'->2N + 2Hg. 
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The only excited atoms which come into consideration are 
the 2^Pi with 4*9 and the metastable with 4*68 volts energy- 
The maximum energy available in the most favourable case 
for the dissociation of Ng would be then 9*8 volts ; two meta«- 
stable atoms would give only 9*36 volts, which is 1*5 to 
2 volts less than the value of 11“4 volts calculated by Sponer 
and Birge* We could secure more energy for tlie dissociation 
of if we suppose that mercury nitride is formed by the 
reaction 


Ng + 2Hg'->N + HgN + Hg, 

in which case the combination energy of HgN could be 
added ; but we should then expect an explosive black deposit 
of mercury nitride which has never been observed in the 
tube in spite of operating it uninterruptedly for several 
days. Mercury nitride is not formed, and we have only 
9*8 volts for the dissociation of N 2 . This would indicate 
that the dissociation energy of nitrogen is less than or about 
9*8 volts, the value which recent results of several authors^ 
seem to show. To avoid the assumption of the low dissocia¬ 
tion energy for Ng we should be compelled to make 
hypotheses less plausible than this one 

llie Continuous Spectra, 

Two continuous spectra have been observed to appear as a 
result of photosensitized fluorescence as described above : 
the first one (when water vapour at pressures from 0*5 to 
10 mm, is in the tube), at 2800 A. (see spectra 2 and 5, 
figs. 1 & 3, Pis. XXVII. & XXVIII.), seems to have been 
first observed and photographed by Wood^*^; the second 
one (when ammonia is in the tube), at 3400 A., has been 
observed by Mitchell and perhaps before by Dickinson and 
MitchelD^^^ although it is not clearly stated in their paper : 
they speak of u ‘‘diffuse band with a maximum around 
3370,^^ which may also be the NH band at 3360-70 A. The 
continuous band with a maximum at about 3400 A. looks 
very similar to the ultra-violet band of mercury obtained by 
illuminating pure mercury vapour at 300^ with a cadmium 
or aluminum spark, studied by Wood and Van dei* Lingen 
Lord Rayleigh Houtermims Niewodniczanski 

Pringsheira and Terenin and others ; and Mitchell 

^ The results of this investigation, specially in regard to the low 
dissociation energy of nitrogen, were aheady reported at the Washington 
meeting of the Am. Phys. Soe. in April 20-21, 1928. A part of them 
appeared in ‘ Nature,’ Sept. 1st, 1928. 
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saggosted that the band observed with mercury at 300° might 
be due to contained as impurity, which is improbable 
since this band has been observed by all of the mentioned 
authors with equal intensity, and they very probably used 
mercury of different degrees of purity. The coincidence 
is probably more or less a chance due to the similar type of 
emission of both bands : the emission of the pure mercury 
band at 3400 is due, according to Houtermans and Niewod- 
niczanski, to the dissociation of a quasi-stable molecule formed 
by collision of a metastable mercury atom in the level 2 ^Po 
with a normal one, during which dissociation part of the 
energy of the excited atom is emitted and the rest transformed 
into kinetic energy of the separating atoms ; on the other 
hand, the emission of the continuous NHg band is probably 
due to the dissociation of a quasi-stable mercury-ammonia 
molecule formed by collision of a metastable atom with a 
normal NHj molecule, dissociation occurring in the same 
way as in the former case. 

Mercury Band. 1 Ammonia Band. 

Hg' + Hg^ (Hg -- Hg)' I Hg' + (Hg ^ NH 3 )' 

(Rg^RgY^hv + 2 Hg ; (Hg- NHsy-^/^v -f Hg + NHg 

The emission of the continuous water band at 2800 may be 
accounted for in the same way, only in this case the excited 
mercury atom which forms the quasi-stable molecule is 
surely a 2^Pi atom, since the band extends beyond 2656, as 
can be seen in spectrum 2 , tig. 1 (PI. XXV^II.), which 
means that its emission requires more energy than that of a 
metastable atom. The reaction would be 

Hg' + HsO-^CHg-HgO)' 

(Hg - HsO)'-^ Av -f Hg d- H2O. 

The reactions outlined above are in agreement with the 
fact that the intensity of both the continuous bands is 
proportional to the first powder of the primary light. 

Summary, 

(a) The photosensitized fluorescence of HgH, OH, NH, 
Hg—H 2 O, and flg — HNg molecules has been observed, the 
conditions for the appearance of each of the bands deter¬ 
mined, and the most probable chemical processes which give 
rise to them suggested. 

( 5 ) The dissociation energy of a water molecule into H 
and OH is probably about 5*2 velts, and not less than 4’9 as 
assumed by Senftleben and Rehren. 
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ic) The concentration of OH and of NH in the fluor¬ 
escence tube is, under the best conditions, of the order of 
magnitude of the concentration of excited mercury atoms 
(lO*"® mm. pressure)* 

{d') The dissociation energy of the nitrogen molecuie 
seems to be less, or about, 9*8 volts, and not 11*4 as calcu¬ 
lated by Sponer and Birge. 

(^) Oollisions of excited mercury atoms in the resonance 
level 2^Pi with normal water-vapour molecules may lead to 
several different processes: in most of the cases the excited 
mercury atom is thrown down to the metastable 2^Po level, 
in a few cases (about 1 in 10,000 collisions) the water 
molecule is dissociated into H and OH, and finally in some 
cases (less than 1 in 1000) a complex quasi-molecule Hg— 
HgO is formed which dissociates, emitting the continuous 
band at 2800 A. 

(/) Collisions of excited mercury atoms in the resonance 
level with nitrogen molecules bring the first ones down to 
the metastable level ; tbree-body collisions of two excited 
atoms with a nitrogen molecule may lead to dissociation of 
the nitrogen molecule. 
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Addition hy the correction .—It has been suggested by 
several authors that the activation of foreign gas molecules 
takes place mainly at the walls of the tube. We have not 
found any signs of it. The formation and excitation of all 
the bands observed by us is a gas reaction and the walls do 
not act as a catalyser. 


CXVII. Meversals in the Arc^Spectrum of NickeL By 
A. 0. Menzies, M.A , Bead of the Physics Department., 
University College., Leicester 


Low Terms in the JYi I Spectrum. 


A CCOIIDINCt to Hund t the low terms in the spectrum 
of Nil should be as in the following table, where the 
first two columns give the electron-grouping in the outer 
levels and the term-types of Ni II, the third and fourth 
columns give the resulting groupings and term-types for 
Ni I, and the last column the terms found in the spectrum 
b}^ Bechert and Sommer $, with their values for the lowest 
component of each multiplet. 

From this it will be seen that the lowest term so far 
observed is the term, which Bechert and Sommer have 
accordingiy made the zero of their term-scheme. 

Other atoms which might be expected to have a similar 
structure in their spectra are Pd 1, Pt I, Cu II, Ag IL and 


* Communicated by the Author. 

+ ^ Liuienspektren,’ p. 166 (Julius Springer, Berlin, 1927). 
X Amt. d. Physik, Ixxvii. p. 351 (1925). 
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All II. The firsts third, and fourth of these have been shown 
to have ^Sq as the ground-term, while PtI has and Au II 
has not been analysed (according to the author^s unfinished 
analysis it seems likely that it will not be but probably a 
term). It is accordingly not possible to conclude frona 
similarity what the ground-term should be. The atomic-ray 
'experiments of Gerlach would, however, suggest that the 
ground-term should be ^Sq. This could be the ^So term 
belonging to predicted by Hund, and the SJ term of 
Bechert and Sommer would then have to be attributed 
to s'^d^. 


Table I. 
Nil. Nill. 


Electron- 

Term- 

Electron- 

Term- 

Terms 

grouping. 

type. 

grouping. 

type. 

observed. 

s 

4JP 


ap 

II 

O 



sd^ 


dl = 204*82 


_.i 


ap 

i 1 

jpt = 15609 81 

\ 

. _ 1 

1 1 

2F 

sdP 

'D j 

0]= 3409-95 

s-d' 

op 

j 8^d'> 

1 

•G 


\ 



>D 

Df = ia521-29 

\ 


d^^ 

LS ! 

1 

j 

! ^ = 14728*92 

1 ^ 

I 


Under these circumstances it seemed worth while to 
explore the spectrum of nickel as far as possible towards the 
short waves, in au endeavour to find lines belonging to a 
hypothetical hSo term. It would show its presence by very 
strong lines, easily reversible, with successive wave-number 
differences equal to the dilBPerences between the middle terms 
of Bechert and 8ommer having y = 1. The region between 
3858 and 2253 A.U. has been covered by Majumdar * working 
with the oven and the under-water spark in the search for 
low terms, so in this wmrk attention has been directed to 
w^ave-lengths below these. 


^ Zeifs.f Physik, xsxix. p. 562 (1926). 
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Method. 

The author has recently developed a method * of obtaining 
spectra with very short exposures by the fusing of wires, and 
has applied it to the Schumann region as well as to the ultra¬ 
violet and visible regions. Among the properties charac¬ 
teristic of this source is a tendency for lines involving low^ 
terms (and particular!}’' ground-terms) to be reversed in the 
fuse in air, and consequently this procedure was adopted in 
searching for the ^Sq lines in the ultra-violet. 

When the fuse is made horizontally in the vacuum grating 
spectrograph, there is a tendency to form long and short 
lines, the long lines being lines involving low-level terms. 
This property was used in seeking the ^Sq lines in this region. 

Since an account of the method and of the apparatus has 
been published before, it will not be repeated here. 

Results. 

(a) Schumann Region .—No long lines appeared in this 
region which did not belong to the spark spectrum. The 
long lines involved the ground-terms ^D 3 and of Ni II, 
which were found in this way f. It is conceivably possible 
that very low-level arc lines might under the conditions 
•of the fuse in vacuo be completely absorbed, but this has so 
far not been observed in any; other case. The spectrum was 
photographed as far as 1150 A.U. Air-absorption prevented 
the examination going any further^ owing to the poorness 
of the pumping system. (There was as compensation, how¬ 
ever, the knowledge that all the lines in the region measured 
must be first-order lines.) An improved pumping system 
is being erected, and it is hoped to be able to go very much 
further. 

(b) Ultra-violet Region .—In the fuse-spectrum in air there 
were many reversals, especially near 2300 and 2000 A.U. 
These were measured in the spectrum of the arc between rods 
of pure nickel (supplied by Adam Hilger Ltd.) of 5 mm. 
diameter ; the current was 4^ amperes, and was maintained 
by an accumulator battery of 110 volts. The spectrograph 
was a small Hilger quartz instrument, giving a dispersion of 
about 12 A.U. per mm. As standards for the calculation 
of Hartmann formulae, the nickel spark lines measured by 
Shenstone % were used. The fuse spectrograms were used 

^ Proc. Roy. Soc. A, cxvii. p. 88 (1927), and cxix. p. 249 (1928). 

t Proc. Roy. Soc. (In process of publication.) 

1 Phys. Rev. xxx. p. 265 (1927). 



Reversals in the Arc-Spectrum of Nickel. 1213 

merely to pick out the reversed lines in the arc spectrograms. 
The error is less than 0*1 A.U. in the lines measured by the 
author. These lines are set out in Table II. 

In the first column is the wave-length (above 2100 A.U* 
the values of Hamm * have been adopted, and are indicated 
by H, while the other wave-lengths are the measurements 
made by the author). The second column gives the strength 
of the reversal (weak w, strong s), in the third the initials of 
previous observers of the reversal, in the fourth the wave- 
number^ and in the last column the term-combination, using 
Bechertand Sommer’s nomenclature. For the most part the 
initial terms in the transitions are terms not found before 
these are indicated by giving their values in place of a letter, 
thus making the newly-found terms more obvious. 

Table II. 


Reversals in the Fuse-spectrum. 


Wave¬ 

length. 

Strength of 
reversal. 

Previous 

observers. 

Wave¬ 

number. 

Terms. 

2346-635 H 

w 

AJ, MLC 

42601-2 

/s— 

2345-545 H 

s 

AJ, MLO, Ma 

42621-0 

f\-e^ 

2337 ‘188 H 

s 

AJ, MLO 

42767-8 


2329-974 H 

w 


42905-8 

/I-45122-4 

2325-799 H 

s 

AJ, MLO 

42982-8 

•'3 ^ 

2324-653 H 

w 


43004-0 

1—43208-8 

2322-688 H 

w 


43040-3 

c7[—44753-4 

2321-387 H 

8 

MLC, MLML 

43064-5 


2320 034 H 

s 

AJ, MLC, Mrf 

43089-5 


2317-158 H 

w 

A J, MLO 

43143-1 

fi-n 

2313-982 H 

s 

AJ, MLC 

43202-3 

.n-f% 

2313-656 H 

s 


43208-3 

/*—432083 

2312-338 H 

w 

AJ, MLC, Ma 

43233-0 

fl-A 

2310-955 H 

s 

AJ, MLC, Ma 

43258-8 

f\-fl 

2306-420 H 

w 


43343-9 


2302-973 H 

w 


43408-8 

■J}—45121-9 

2300-773 H 

w 

MLC 

43450-3 


2293-114 H 

w 


43595-4 


2289*979 H 

s 

Ma 

43655-0 

^4—<*8 

2288-388 H 

w 


43685-3 


2279*553 H 

w 


43856-7 



♦ Z. 2 VUS. Fhotogr. xiii. p. 105 (1913). 
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Table II. (contimied). 


Reversals in Fuse-spectrum, 


Wave¬ 

length. 

Strength of J 
reversal. 

Previous 

observers. 

Wave- 

number. 

Terms. 

2273-85 

w 


43966*6 


2270-206 H 

w 


44035*2 

a*F4-~a**a^spk, 

2244-246 H 

w 


44544*5 

I-44749-3 

2216-469 H 

w 


45102-9 


2201-629 H 

w 


45408*7 

47121-8 

2183*334 H 

w 


45787-2 

/|—47119-4 

2095-57 

w 


47704-6 


2094-94 

w 


47718-8 

Fl-51128-8 

2088-90 

w 


47856*8 

d 1—48736*6 

2082*94 

w 


47993-6 

49325-8 

2069-64 

w 


48304*4 

50017-5 

2068*89 

s 


48319*6 


206430 

w 


48427*0 

rf{—50140-1 

2063-58 

8 


48443-9 

^—49323-7 

2059-97 

8 


48528-8 

Sj—48733-6 

2055*44 

s 


48635*8 

50852-4 

2052*19 

s 


48712*7 


2050*91 

w 


48743*2 

/J~48743-3 

2047*35 

s 


488*28*0 


2041*17 

w 


48975*8 

rf}—50688-9 

2035*15 

s 


49120*6 

■31—49325-4 

2034*51 

s 


49136*0 

3}—60849-1 





S'!—50016-8 

2026*66 

s 


49326*3 

/i—49326-3 

2025*91 

8 


49344*6 


2025*41 

w 


49356*7 

yl—50688-9 

2014*12 

8 


49633*4 

3 {—61346-5 

2007*74 

W 


49791*0 

/J—51123-2 

2007*05 

w 


49808*1 

3 {—60687-9 





31—50012-9 

2001*77 

8 


49939*5 

31—50144-3 

2000*46 

8 


49972*2 

3»-60852-0 

(vac.) 





1994*40 

W 


50140*4 

/{-50140-4 

1990*18 

s 


50246*7 

3|—51126-3 

1889*28 

w 

MLO 

50269*4 


1981*48 

w 


50467*1 

"3^1—61346-9 
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Table II, (contiriued). 


Reversals in Fuse-spectrum. 


Wave¬ 

length. 

Strength of 
reversal. 

Previous 

observers. 

Wave¬ 

number. 

Terms. 

1976-87 

s 

MLC 

50585-0 

"^—50769-8 

1974-53 

w 


50644-7 

<iJ-50849-6 

1968-92 

w 


50789-3 

/i-50789-3 

1963-89 

w 


60919-4 

1-51124-2 

• 1882-7 

w 


53115 


1873-1 

vs 


53386 


1852-8 

s 


53971 


1840-4 

s 


54337 



K, Hamii); AJ, Angerer and Joos*; MLO, McLennan and Cooley t; 
Ma, Majumclar; MLML, McLennan and McLay J. 


The last four lines were difficult to measure exactly, owing 
to their broadness as well as to their position at the end of 
the spectrum. Confirmation of three of the new terms 
suggested above was obtained from Hamm’s list, in which 
the following lines appear (with the exception of the fourth, 
measured by the author) :— 


Wave-length (air). 

Wave-number (vac.). 

Terms. 

2259-550 

44242-9 

45122-7 

2396-637 

41712-3 

D|— 45122-3 

2278-759 

43870-0 

44749-8 

2302-48 M 

434180 

44750-2 

2350-472 

42531-7 

44748-3 

2226-296 

44903-6 

/i—47120-2 

2287-086 

43710-2 

4'|-47120-3 

Some of the terms 

are a bit doubtful, 

particularly 48734 

50013, and 50140. 

Conclusion. 


It will be seen that it has been possible to account for the 
majority of the reversed lines. It is not possible to fit in a 
^So ground-term in the region of the spectrum investigated, 
and so the term must still be regarded as the lowest 
found in the spectrum of Ni I. 

* Ann. der Phys. Ixxiv. p. 743 (1924). 
t Trans. Roy. Soc. Can., Sect. III. p. 349 (1926). 
j Trans. Roy. Soc. Can., Sect. HI. p. 89 (1925). 
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General Solution of 
Summary. 

The grouad-tenn o£ Ni I empirically is a term ^F 4 . 
Doubt exists that this is the ground-term to be expected 
theoretically ; it might be a term. 

Fuse-spectra in air in the ultra-violet and in vacuo in the 
Schumann region have been examined. Many reversed lines 
in the former region have been found, but most of them can 
be accounted for as transitions to low levels already known^ 
from middle terms already known and from new middle 
terms. In the Schumann region no long lines occur which 
could be attributed to the arc ; they all appear to belong to 
the ground-terms "D 3 and ^ 1)2 of Ni II. 

It is concluded that the hypothetical term ^So must give 
rise to lines below the region examined, if the term exists 
at all. 

Physics Department; 

University College, Leicester. 

7th October, 1928. 


CXVIII. General Solution of = 

To the Editors of the Philosophical Magazine. 
GtENTLBMEN,— 

I N my paper General Solution of = which 

appeared on pp. 241 et seq. of the August 1928 issue 
of this Magnzine, I regret to notice the occurrence of some 
errors, chiefly my own. May I beg space to point out the 
corrections ? 

On p. 245, bottom line, read d6n—\^^ not ‘‘ ddn*^^ 

„ „ footnote, ,, Vnf not 

,, p. 246, end of 1. 2 £r. bottom, supply" 

„ p. 248, in equation (12), ddg^^ comes after bracket. 

„ p. 249, 1. 7, read ‘‘= 

,, p. 250, 1. 6 , „ Il = Go notw = ao 

,, ,, end of 1 . 2 fr. bottom, read du^f 

„ p. 251, beginning of 1 . 2 fr. bottom, read not 

„ p. 252, end of 1. 1, “ along the normal to the two-.^^ 



Buckling of a Thin Circular Plate by HeaU 121T 
On p. 253, 1. 1, read “4c not “4c f —tic”. 

„ „ 1. 8, „ “ not “ G>.” 

„ „ 1.20, „ “^AjF{c<i + r),” 

,, „ 1. 22, „ “(i)/(c< + rV’ 

„ p. 254,1.3, „ (5)/0),-not“/(2).” 

„ p. 255, 1. Ifi, „ “ Ui^,” not “ 

QU^ 

{ 2ir * 

„ „ L 5 £r. bottom, read ‘^1 y 

Jo 

„ p. 257, 1. 9, read 27r^Aj’ liot 


I am sorry to give you all this trouble, mainly through 
negligence on my part, but to any who care to read the 
paper these corrections must seem necessary. 

Thanking you for publishing this note, 

Yours faithfully^ 

97 Thornbury Road, ARTHUR J. Carr. 

Osterley Park, 

Middlesex. 


CXTX. On the Buckling of a Thin Circular Plate by Heat. 
By F. E. Relton, B.A.^ B.Sc., Imperial College 

Summary. 

The circular plate is assumed to be thin and at uniform 
temperature. The analysis is limited by the fact that 
the temperature must not generate stresses that exceed the 

* Communicated by Prof. S. Chapman, F.R.S. 

Phil. Mag. S. 7. Vol. 6. No. 40. Dec. 1928. 4 K 
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elastic limit, and that the relative dimensions are bounded in 
order that buckling may occur before the elastic limit is 
reached. This latter justifies the ignoration of the most 
awkward term in the equations of equilibrium, of which three 
are deduced from first principles. As two of these are 
sufficient, the two most suitable are chosen. Their exact 
solution is impracticable, and recourse is had to power series. 
By substitution and a comparison of coeflScients, there 
results a number of equations which are two in defect of the 
number of coefficients involved at any stage of the work. 
The deficiency is made up by the boundary conditions, includ- 
ing the peripheral strain due to heat. All the unknowns are 
expressible in terms of two quantities which are connected 
with the relative dimensions of the disk and its central 
curvature. By giving values to the one the other can be 
determined ; hence all the coefficients can be found and the 
problem completely solved. The method is inverse inasmuch 
as the appropriate temperature is deduced from the con¬ 
figuration of the disk. Full discussion of the clamped 
plate necessitates computing rather many terms to a high 
degree of accuracy ; the method is much more efficacious 
when applied to the undamped plate. 


(1) XXTE consider a thin, plane, circular disk whose tem- 
T T perature and thickness are uniform and whose 
periphery is prohibited from radial movement. If the 
temperature of the disk he raised, it is a contingency that 
the disk will buckle ; the present paper is an attempt to 
determine the deflexions and stresses engendered when 
buckling occurs. 

(2) At the outset we are called upon to examine two 
possibilities which may limit the validity of the analysis. 
In the first place, the periydieral transverse strain {i*e. 
perpendicular to the radius in the plane of the disk) in 
determined by the rise in temperature 6 and the coefficient 
of expansion of the material. So long as the disk does not 
buckle, the radial strain is this same quantity being 

somewhat less when buckling occurs. Thus, before buckling, 
we have a uniform state of plane stress of magnitude 
E«^/(l—o*), and the analysis becomes the less reliable the 
more closely this quantity approaches the elastic limit /. 
We have a provisional upper limit for the temperature 0 in 
the relation 6^ f(\ — a)l^ 0 L. 
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(3) Coming to figures we have in c.g.s, units : 




10“^^. E. 

G, 

0 

>-< 

r . 0 , 

steel. 

30 

22 

0*25 

10 

100 

Copper . 

05 

10 

0*34 

16 

2 

Aluttiiriium ... 

5 

7 

0*34 

23 

20 


the computed approximate value of d in degrees centigrade 
being given in the last column. It appears that the range 
of validity varies considerably from one metal to another. 


( 4 ) The second limitation arises from the necessity of the 
elastic limit not being reached before the buckling load 
becomes critical, a criterion which furnishes a bound to the 
relative dimensions of the disk. Taking a clamped disk of 
radius c and thickness 2 /i, the buckling thrust T per unit 
length of periphery is given f by 

T = 2E/iV/3c"(1-0, 

wliere 7 is the least root of Ji( 7 ) = 0 , to be taken as 3'832. 
Tlie condition that T is less than 2hf gives 

(c//0^>E773/(1-O. 

Using the previous figures, this provides a lower limit to cjh 
of approximately 60, 330, 90 for steel, copper, and aluminium 
respectively. 

(5) For an undamped plate the 7 = 3*832 is replaced by 

the smallest root of 7 Jo\ 7 ) = which may be 

taken J as 2*017 when cr is a quarter. The corresponding 
miniinuiii values of c\h will accordingly be about half those 
given above, 

( 6 ) Coming now to the analysis, we see that the solution 
will be symmetrical, there being only one independent 
variable r, the distance from the centre ; we shall accordingly 
use primes to denote differentiations with respect to r. The 

stress perpendicular to the faces of the disk vanishes at 
both faces, and since the disk is thin will be ignored 
throughout. 

( 7 ) We conceive a point on the middle surface whose 

coordinates are 0 to be moved to r + w, so that 

♦ Recueil de Constantes Physiques,” Soc. Fran, de Phys, 
t G. H. Bryan, Proc. Lond. Math. Soc. xxii. (1890). 

X Precott ‘ Applied Elasticity,’ p. 488. 

4K 2 
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w is the deflexion. In the principal direction <^== constant 
we have the length element Br becoming \ (8r + Buy + 
so that the strain In the other principal 

direction r=constant we have the length element r,B<f> 
becoming (r+w).S<^, so that the strain These 

lead to 

Qi—o-Pi = EV^, 

where Pi, Qi are the tensile stresses in the middle surface* 
For the principal curvatures we have 

1/pi = , i 

ljp2 = j 



Fig. 1. 

Q 



along and perpendicular to the meridian respectivel 3 ^ The 
assumption is made that is everywhere small, though w 
is not necessarily small compared with the thickness 2h. 
We shall further assume that the tensile stresses have a 
straight-line distribution through the thickness ; this is 
tantamount to ignoring powers of h above the second in 
comparison with A. We then have P = 2/tPi, Q==2/iQ, 
where P. Q denote the force per unit length of edge, acting 
radially and transversely respectively. 

(8) In the diagram (fig. 1) showing the arrangement of 
forces and couples we conceive the disk to be concave 
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upwards, whilst w is measured upwards above the level of 
the centre. Hence * 


^ _ 2 EA3 



2 B/t» /I 



For the equations of equilibrium we have, by normal 
resolution. 


^(Nr.de)dr = Fr.dd.— + Q.dr.^^^ 

dr'' ■' pi Pi 

or 

P/Pi + Q/ps = <^(Nr)/r .dr . 

Along the meridian tangent 


(^) 


J^(Pr . dd) dr + (Nr . dd) .— = (Q . dr) dd 
or 

Nr/pi = Q, — d(Pr)jdr .(5) 

The binormal naturally leads to nothing owing to the 
symmetry, but moments about the inner curved edge give 


(Gjr . dd) dr = (Gj . dr) dd + (Nr . dd) dr 

or 

Nr = d{G,r)ldr-G 3 .(6) 

Denoting by Ei the quantity 2E7iY3(l—tr*), equations (2) 
and (3) give 

Gi = Ei{w" + <xii//r), \ 

Gj = E,(u’7r + ata"), J ' ‘ ^ 

whence equation (6) becomes 

N == (8) 

(9) It will be observed that, if in equation (4) we put 
P = Q = constant, the equation becomes the well-known 
equation for the critical buckling load f: 

Further, if we can ignore the left side of equation (5), it 
becomes possible to express P, Q in terms of a single func¬ 
tion U so that P=D7’'> Q==U^7 in which case the 
elimination of u from equations (1) gives 


* Love, ‘ Elasticity/ 4th ed. p. 464. 
t Vide Bryant, 1. e. 
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whilst equation ( 4 ), in the presence of a pressure p normal 
to one face of the disk, becomes * 

.dr = 

The exact solution of these two well-known simultaneous, 
non-linear differential equations may be ruled out as im¬ 
practicable and matters are not made easier by the 
absence of p with the retention of the left side of equa¬ 
tion (5). 

(10) The equations (1) can be replaced by 

P(1 — <T^) s= 27iE(w'-f cru/rH-1 

Q(l —<r^) = 2 /iE(w/r-f<ri^'-b^crxo'®). J 

Using these and equation ( 8 ), the equilibrium equations (4) 
and (5) respectively become 

(m' + + crw^jr) 4 - + w^lr^ujr = ( 10 ) 

ujr —u'—ru" = '\~^}i^w'Wd(^^w)/dr^ 

. . . ( 11 ) 

and the problem before us now is to solve these two 
equations. 

( 11 ) The most hopeful procedure lies in the adaptation of 
the method employed by Hencky t hi a similar connexion. 
From the symmetry of the meridian cur%e we propose to 
express w as an even function in ascending powers of r, 
vanishing at the origin. Using s to denote the ratio r/c, 
where c is the radius of the disk, we accordingly take 

iv' = ai5 4- 4- , 

= aj 4“ 3azS^ + 4- .. 

= 3.2^35 4-5.4^ 

where the a^s are dimensionless constants, 
then shows that u is an odd function of r ; 
take 

ujr = 6 o“f4- 

ho 4" 363 ^^ 4” 4“ • ♦ • 9 

ru^^ := 3.262 ^^ 4-5. 4 ^ 45 ^ + 


( 12 ) 


Equation (11) 
we accordingly 


(13) 


* Cf, Foppl, Vorl, u, tech, meek, Bd. v. § 24. 
t Cf, Th. V. Karman, JSncy, d. Math, Wise, iv. 4, c. art. 27, 
t Zeitsch.yHr Math, u, Phys, Ixiii. p. 311 (1914), 
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where the are dimensionless. The method consists in 
substituting for the various differentials of u and w in equa¬ 
tions (10) and (11). A comparison of the coefficients of 
corresponding powers of s then supplies two sets of relations 
between tbe a’s and A’s- We thus obtain t \ o expressions 
for any particular b in terms of the a^s, and the equivalence 
of these two expressions furnishes a relation connecting the 
alone. 

(12) It is evident a priori that the number of such 
relations available at any stage of the work must be in 
defect of the number of,«’s present ; otherwise the and 
hence the 6*s, would be determinable, leaving no latitude for 
the fulfilment of boundary and other conditions. In 
practice it eventuates that the defect is two, and these are 
supplied from our knowledge : first, that the transverse 
strain ulr^ctd at the boundary r = c ; second, the condition 
which varies according as the periphery is clamped or not. 
The number of available relations is then theoretically 
sufficient to solve the problem to any required degree of 
approximation. 

(13) In actual fact, the degree of approximation obtainable 
in general terms is severely limited ; for since the differ¬ 
ential equations to be solved are non-linear, the resulting 
algebraical equations which determine the a’s are also non¬ 
linear. Prom this it follows that, even if u and w are 
presumed to be given with sufficient accuracy by quite a 
small number of terms in their equivalent expansions, the 
eliminant that determines any particular a soon transcends 
the fourth degree. Tlie coefficients in this eliminant are not 
wholly arithmetical, being, in fact, dependent on <r and the 
ratio life, so that very soon the a’s are no longer determin¬ 
able. 

(14) If the relative dimensions and the values of the 
physical constants for the disk are known, the above- 
mentioned eliminants have purely arithmetical coefficients 
and the a’s can be determined as accurately as desired. But 
a further difficulty here arises. Each a wdll be susceptible 
of several values, and the resulting expressions for n and w 
are not unique. This, of course, is to be expected, since the 
equilibrium configuration of the disk is, theoretically at 
least, not unique. There would remain, in jiuch a case, the 
task of determining the conditions appropriate to each 
particular solution. 
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(15) Reverting now to the analysis, a slight modification 
is desirable before we carry our proposal into effect. We 
see from equations (4) and (5) that we can eliminate Q and 
derive a relation between P and N ; but this relation is more 
readily found from statical considerations. If we consider 
ihe equilibrium of a concentric circular portion of the disk 
^ind resolve in the axial direction, we get quite simply 

N = Pt<;'.(14) 

There are certain advantages in using equation (14) in 
preference to equation (10), and this we shall do in 
conjunction with equation (11). 

(16) Since the quantity (A/^)^ is of frequent occurrence, we 
shall denote its value by n, a number whose magnitude is 
lO""^ or less. The relations furnished by eqiiation (14) may 
then be succinctly written 

{u?^l)a^n!^ = SaA (9+140-)+ (/T-2 : 3), . (15) 

where jp + 9 =/A—2 and B(yu, — 2:3) denotes the aggregate of 
coefficients of order 3 and weight /x—2 in or (So5)^ the 
weight of any letter being its suffix. 

(17) Equation (11) furnishes no information concern¬ 
ing 5 o 9 ^^tit it provides relations which may i>e summarized as 

(1 —~ 1—o-)A(z/: 2) + nciv + 2 : 2)/3, (IG) 

where A(j^: 2) is the aggregate of coefficients of order 2 and 
weight V in or (2a)^, and c(v-i“ 2:2) is the aggregate of 
coefficients of order 2 ami weight (r + 2) in w^^d{^^w)ldr, 

(18) We know that, at the periphery where r = r and s is 
unity, the magnitude of the transverse strain t//r is ad ; 
hence from equation (13) we have 

— ctd = ^>0 + ^^2 + ^4 +■ ••• .... (l) 

the negative sign on the left being necessary for compression. 

The Clamped Plate, 

(19) When the plate is clamped round the periphery, we 
have zero when s is unity, so that from equation (12) we 
have 

0 = a, + a3 + a5+ ...=Sa .(18) 

A possible solution is evidently to have all the a^s zero 
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together with all the i’s except whose value is then — aO. 
In this case w is everywhere zero and 

P = Q=-.2/tEa^/(l-a), 

which is simpl 3 ^ the particular case where the heat-stresses 
are not great enough to cause buckling. 

(20) For the general case where buckling occurs we are 
provided with an infinite number of non-linear equations for 
the determination of an infinite number of unknowns, so that 
we necessarily adopt some method of apfuoximation. At the 
outset it appears from equation (16) that it would be safe to 
•omit the last term on the right in comparison with the others 
in virtue of the smallness of n. This is equivalent to 
omitting the hist term on the right in equation (11), or 
ignoring the lett side of equation (5). Further, if we use 
k to denote the ratio Ua/a^, it becomes possible to express 
all the unknowns in teiuns of and k. Thus, using 
equations (15) and (16) altenuitelx*, we deduce as the first 
few values 

1>Q = 8wi/3(l + u“), = — (5 — a) ai^^/24, 

tg = -.(3_cr)uiV16, U7 = a^k^ilS-afk(l^o^)ll2%n, 
(1 — a^)a^ll2>iny 

whence Ug, and so on can be determined in succession. 

(21) The quantity ai has a physical meaning ; xve see 

from equation (12) that it is the common value, at the centre, 
of the ratio (radius of p]ate)/{radius of curvature). This ratio 
is necessariljr small in practice, and closer inspection of the 
above and succeeding values of the first few a’s and Ps 
shows that there are considerable advantages in equating 
Uj to 71. It eventuates that becomes homogeneous 

of degree t in k and /9, as also does kor a known 

value of cr the condition (18) is then expressible in terms 
of k and /3 with purely arithmetical coefficients, so that by 
giving values to the one the other can be determined. In 
this manner the a’s can be exi)ressed as multiples of \ 
and the 5’s as multiples of n. The success of the method 
depends on the degree of reliabilit}^ with which the modified 
condition (11) can be solved. 

(22) For li plate of known size the deflexion can be 
computed from the integrated form of equation (12), while 
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the corresponding value of otB is given by equation (17)^ 
The method will, o£ course, not immediately give the 
deflexion corresponding to a specific value o£ (xB ; this would 
have to be deduced by interpolation from computed values. 


(23) Making the substitution mentioned in § 21, and using 
3 as a convenient abbreviation for the quantity )S^(1 — o'^)/128, 
we derive from equations (15) and (16) the following 
values :— 


ai//Sv^n = 1, a^fQ^/n = i, = P/S—6,^ 

aj/yS = P/3.6 — kh, 

a^j^s/n = P/3.6.10-29PS/60 +25^/5, 

^ P/3.6.10.15-143FS/900 + 38/fcSV75, 1 

aisl^v'n = yfc73.H.10.15.21-»8/fc*S/945 | 

+ 47^37140—64S3/525, 

= F/3.6.10.15.21.28-29PS/28.126 

+ 1702W/75.147-158A:S7525,^ 

and so on, together with 


^o/n = 8A/3(l4-<r), b^jn =—/3®(3 — o)/16, 

if=- -m- 

- — |g«+ ^s«). 


168 




( 20 ) 


There is no intrinsic difficulty in extending either of these 
series ; the main deterrent is the tedium, which is the 
inevitable concomitant of lengthy computations. 


(24) The above values show that the condition (18) is 
always satisfied by a zero value of yS, which corresponds to 
the physical fact that the undeflected state is always a 
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possible equilibrium pasition. Apart from tbis value the 
condition can be written in the expressive form: 

l+i+| + 3^+ ... 


+«*(fi+S^+■)-■■■’(21) 

where the left side is independent of whatever value of <r 
may be adopted. By making & infinitesimal we have the 
corresponding deflexion, from the integrated form of 
equation ( 12 ), expressible as 


IV 




6'3 


■) 


= —8/c)—1}/4^.(22) 

This succinct form of the result is by no means fortuitous, 
but is a necessary consequence of its mode of derivation ; 
such a choice of 0 makes all the a^s infinitesimal and like¬ 
wise the deflexion. The analysis accordingly reverts to that 
for determining the critical buckling load, whence the result 
stated above. It appears that the quantity \/ — is what 
we have previously called 7 , to be taken as 3*832 ; the 
appropriate value ot k is accordingly —1*835, wluht the left 

side of equation (21) is always Ji(2 v' —2i) / V — 2l, which 
is convenient for computation. 


(25) In illustration of the remarks in § 21 , let us take 
cr to be 1/3, so that 3 becomes (/S/12)% which we may denote 
by 17 . Equation ( 21 ) then becomes 


J,(2 —2/j) 


v[ 


oq 



If we assume that the deflexion of the plate is given with 
sufficient accuracy by a series terminating at the sixteenth 
power of the radius inclusive, then, with 1*805, we 

have 


V-2k « 1-9 and Ji(2 V-2k)l 4/-~2A = 0*006748. 
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The above equation then becomes 

0*006748 = 0-10461 ^ + 0-3285017^-0-42128 

whence t/ is 0*0555 and /3 is 2*827. From equations (19) 
we have for the values of the taken in order: 

+ 1, -18050, +1-0303, -0*2272, -0*0273, +0*0419, 
— 0*0197, +0*0060, each multiplied by According to 

•equation (18), the value of Sa should be zero; with the 
present approximation the sum totals —0*0010. 

(26) From equations (20) we have the following values of 
the 5^s, taken in order, each being multiplied by n : —3*61, 
-1*3320, +2*8046,-2*9514,+1*8061, -0*6482, +0*0858. 
To these may be added +0*0514, —0*0421, as the values of 
^ 14 ^ ^16 respectively, computed from equation (16). The con¬ 
dition (17) gives a^==3*836n ; for a plate whose diameter is 
u hundred tidcknesses we have w — lO*”^, so that the present 
instance would cover the case of an aluminium plate heated 
«about 16*7^0. 

(27) By integration of equation (12) we have 

to 

~ =^ai+-a3+g a5+ 


so that the central deflexion, obtained by putting ^ equal to 
unity, is given by 


w = cai 


( 


2 ai‘4~^ai'6 



As ai is ^ V'n, and h is c\/^ n, we can replace cai by ^h. For 
the figures given above, the central deflexion evaluates to 
0*542 /i, or little more than a quarter of the thickness, which 
is, perhaps, surprisingly small in view of the fact that the 
material is not far removed from its elastic limit. 


(28) It must be regarded as unfortunate that the a-series 
and fc-series are not more rapidly convergent ; it greatly 
impedes the discussion of associated phenomena. For 
example, the clamped disk is necessaidly inflected, and if we 
seek to inquire how the greater deflexion affects the position 
of this inflexion, we do so by equating to zero. With 
the present figures we solve the resulting equation of the 
fourteenth degree in s (actually the seventh degree in s'^), 
and we obtain ^^=0*232(3), so that e is 0*482. The corre¬ 
sponding value for the critical buckling load when the 
deflexion is infinitesimal is derived from Ji{x) =^ajQ(a;), 
where x is 3*8317 s. This gives a as 1*8412 and s as 0*4805, 
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whence it appears that the effect of the greater deflexion is 
to move the inflexion further from the centre. But the 
labour in obtaining the result is considerable and the verdict 
not very emphatic. 

(29) Of the two series, the 6 -series is the less satisfactory* 
If we seek to compare the principal stresses at the periphery 
we can do so by using equations ( 1 ) and (13). Since is 
zero we have 

P (tQ _6o -f" 362 "f" 564 -p ... 

Q — 60 + 62 + 64 - 1 - ... 

With the values in § 26 this becomes 
P-Q/3_ 3-9474 
Q-P/3“" 3-8356* 

According to this, P x 5*8066 and Qx 5*7238 whereas, had 
the plate remained undeflected at this temperature, we 
should have had P = Q x 5*7534, which would make it appear 
that one effect of buckling was slightly to increase the 
radial force and diminish the transverse force. Such an 
improbable conclusion would be warranted only by pro¬ 
ceeding to a much higher degree of approximation. 

(30) It may be noted, finally, that equation ( 11 ) provides 
a severe check on the computed values of the 6 ’s. For 
since the last term on the right has been ignored and w' is 
zero at the peripheiy, we have from equation (13), after 
removing 8 as a factor, 

62+364+66^+1068+15610+... =0. 

The last of our computed values is 610 =—0*0421, and with* 
its appropriate factor, 366|g=--1*5156. The difficulty of 
getting a close fit with a series subject to such violent 
oscillations is evident. As an indication of the convergence 
of this series to zero, we may treat it as ‘‘ summable (C 1 ) ” 
by CeskiVs method The values of Sy for v—l, 4, 6 , 8 , 

are -1*3320 +0*6394, -0*0363, +0*0214 respectively. 
The Undamped Plate, 

(31) For the undamped plate the condition (18) is 
replaced by the tact that Gri is zero at the periphery, so that 
from equations (7) and (12) we have 

Sar(T + cr)= 0 ,.(23> 

Vide Whittaker & Watson, ‘ Modern Analysis/ 2nd ed, 8*43. 
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where t is odd. Let os suppose for a moment that we are 
-concerned with an infinitesimal deflexion, so that the values 
of the indicated in equations (19) are replaced by their 
leading terms. The above condition tlien becomes 

(1 + 3^+ ...) + <r(l + 4 + ..,^ = 0 . 

. . . (24) 

Using ^ to denote 2 — 2k, the value of the second bracket, 
as pointed out in § 24, is 2 Ji(f)/^, The value o£ the first 
bracket is readily shown to be 2 {Jo(^)—so that 
equation (24) is equivalent to 

2{?Jo(?)-(i-T)Ji(r)}/r=o, 


which accords with § 5. In analogy with equation (21) we 
can now write equation (23) as 


= S ('^5 + <r) + ^(7 + cr)+— + O’) + 


■S* 


I ^ (9 + O’) 4 II ^(11 + O’) + ... j. 4 ... 


by using the values given in § 23. 


(25) 


(32) For an infinitesimal deflexion with o’ = l/3, the 
appropriate value of k is determined from 5 ’Jo(?) = 2 Ji( 5 )/ 3 , 
so that ^=2'069. As an illustration of the method for finite 
deflexion we may take ^ to be 2 , so that k is —0‘5. The 
equation (25) then becomes 


0-063298 = 2-59893 »7-1'68539 *72—0-68190 17 *, 

from which *7 is 0*02476 and yS is 1 - 888 , The relations (19) 
then lurnish the values of the a’s, in order up to ajs, as the 
the following multiples of 4 I, — 0 - 5 , —0-05857, 

+ 0-00544, -0-00240, 40 00033, -0 00001 . These values 
satisfy the relation (23) with an error of 0-0003, and give 
the peripheral value «f w' as 0*5619 ySv^n. 

(33 ) The relations (20) give the values of the fc’s in order 
as the following multiples of n : — 1 , —0-59424, 4 0-34664, 
-0-09091, 4 0-00921, 40*00108, —0*00030. The con¬ 
dition (18) yields «^= 1*329 n, which corresponds to about 
5 * 8 ° C. for the aluminium plate previously mentioned. The 
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central deflexion, computed as in § 27, is 0 727 Tiy or slightly 
more than a third of the thickness. As in § 29, we can 
compare the principal stresses at the periphery ; we have 

(P - Q/3)/ (Q - P/3) = 1-0346/1-3287, 

so that P oc 1*6622 and Q cc 1*8828 ; whereas, had the plate 
remained undeflected at this temperature, we should have 
had P=:Qx 1*9931. It appears that even this slight 
deflexion appreciably relieves the principal stresses, and the 
radial more than the transverse. In conclusion, it will be 
noted that the method is much more effective when applied 
to the undamped plate than to the clamped plate. 


CXX. The Elect rical Conductivity of Dilute Liquid Amalgams 
of Gold and Copper at Various Temperatures, By T. C. 
Williams , and E. J. Evans, D,Sc,^ Physics Depart’- 

ment, University College^ Swansea*, 


Introduction. 


T he present work is a continuation of the investigations 
commenced by Johns and Evans t on the electrical 
conductivities of the amalgams of the metals in group I, (6) 
of the periodic table. It deals with the conductivities of 
gold and copper amalgams of various concentrations at 
temperatures between room temperature and 300° C., whilst 
the work of Johns and Evans was concerned with the 
amalgams of silver and copper. 

The results in each case were examined in relation to 
Skaupy’s theory of conduction in metallic solutions t. 
According to this theory, if L and rj represent the 
electrical conductivity and viscosity respectively of pure 
mercury ; and AL the increase of conductivity produced 
when the concentration of the metal expressed in gram, 
atoms dissolved in 100 gram, atoms of mercury is C, 
and At) the increase in viscosity for the same concen¬ 


tration of dissolved metal, the value of H = 


C 


AL f ^ 
L V 


at infinite dilution is of the same order of magnitude for all 
metals dissolved in mercury. If for convenience we write 


* Communicated by Prof. E. J. Evans, 
t Phil. Mag., Feb. 1928, p. 271. 

% Skaupy, Zeit fur Fhysik. Clwmie, Ixviii. p. 560 (1907) ; Verhd, 
Deut, Fhys, Ges, xvi. p. 156 (1914) ; ibid, xviii. p. 252 (1916) ; Phys, 
Zeit. xxi. p. 597 (1920). 
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^ ^ =/, and ^ ~ ==r, it follows then that 

If the change of viscosity on dissolving the metal in mercury 

be small, it is found that approximately 


the same value for all such metals. 

The solution of most metals in mercury increases the con¬ 
ductivity, and the only exceptions to the rule are the alkali 
metals. According to Skaupy* * * § these exceptions can be 
explained by the experimental w^ork of Feningerf, who 
found that the internal friction of mercury is very much 
increased by solution of the alkali metals in it. Therefore, 
when comparing all metals, it is necessary to consider the 
values of (Z +r ), and not I alone. 

00/’ oo H 

Skaupy further showed that —— is constant, and 


therefore if the variation of viscosity can be neglected the 
value of should be constant. 


In the present work the values of I were determined for 
copper and gold amalgams of various concentrations at 
temperatures between 0*^ and 300° C., and the values of 

and evaluated in each case. 

The full expressions could not be calculated owing to the 
lack of data concerning the viscosities of the amalgams used 
in the present investigations. 

In order to calculate the values of I it was necessary to 
determine the resistance of a mercury column of the same 
dimensions as the amalgam column, and under exactly the 
same conditions. The values of the electrical conductivities 
of pure mercury at various temperatures between 0° and 
300° C., deduced from these experiments, agreed within the 
limits of experimental error with those obtained by 
Williams t and Edwards §. 


Experimental Arrangement. 

The resistivities and conductivities of pure mercury and 
of the various amalgams at various temperatures were deter¬ 
mined by measuring the electrical resistance of a fine 


* JLoc. cit, 

t H. Feninger, ^ Die Electriscbe Leitfahigkeit and innere Reibung 
Verdunnter Amalgame,’ Freiburg, 1914. 

1 E. J. Williams, Phil. Mag., Sept. 1926, p. 689. 

§ T. I. Edwards, Phil. Mag., July 1926, p. 1. 
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cylindrical colninn o£ the conductors enclosed in a quartz, 
capillary tube. 

It is only necessary to give a brief account of the method^ 
as it does not differ appreciably from that previously 
described by Williams * and Edwards f* 

The instrument employed to measure the resistance of the 
column was a Callendar-Griffiths bridge^ which was used in 
conjunction with a sensitive moving coil galvanometer 
capable of detecting a current of 10"® ampere. The resis¬ 
tance could be measured accurately to *00005 ohm, which at 
high temperatures corresponded approximately to a change o£ 
01® 0. in the temperature of the mercury or amalgam 
column, and to a change of 0*17° C. at low temperatures. In 
the first place, the Callendar-Griffiths bridge was calibrated 
in the usual way, and the relative values of the bridge 
resistances in terms of the largest one determined. A 
knowledge of the correct absolute values of these bridge 
resistances is not necessary for the determination of either 
the temperature coefficient of resistivity, or even the absolute 
values of the resistivities of mercury and the amalgams. 
The standard value of the resistivity of mercury at 0® C. is 
taken to be 94074x10"®, and this corresponds to a known 
value of the resistance of the given mercury column deter¬ 
mined at the same temperature. It is then possible to 
calculate the resistivity at any temperature from the 
temperature coefficient. The method employed in calculating 
the resistivities of the various amalgams will be described 
later. The current entered the mercury or amalgam con¬ 
tained in the quartz tube by means of specially constructed 
leads which have been previouslj'^ described and the resis¬ 
tance of the column was determined by substracting the 
resistance of the leads, which was determined separately, 
from the total resistance measured. In the case of gold and 
copper amalgams, which oxidize only to small extent in air, 
the vertical limbs of the quartz tube carrying the leads were 
open to the atmosphere. 

Method of Heating^ and of Measuring Temperature. 

The resistances of the mercury and amalgams were 
measured at several temperatures between 0° C. and 300° C. 
For measurements at 0° C., and at room temperatures, the 
quartz tube was immersed in a bath of ice and of water 
respectively. For observations at higher temperatures the 
tube was immersed in an iron bath, which contained 

♦ Loc, cit, t JLoc. cit. t Edwards, loc. cit. 

Phil. Mag. S. 7. Vol. 6. No. 40. Bee. 1928. 4 L 
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substances boiling at different temperatures, and which was 
heated by a row of gas-jets placed underneath. In the 
present experiments, water, diethylaniline, engenol, and 
diphenylamine boiling at approximately 100® C., 215® C., 
256® 0., and 300*^ 0. respectively were used in the heating- 
bath. By heating these substances to their boiling-points a 
steady temperature was reached, and accurate readings of 
the resistances could be taken, even at temperatures in the 
neighbourhood of 300® C. It was found that the tempera¬ 
tures of the boiling liquids generally increased slowly with 
long-continued heating ; but this did not affect the accuracy 
with which measurements could be taken, as the change of 
temperature was negligible during the time required for a 
particular set of readings. Observations at each of these 
practically constant temperatures were continued over a long 
period, so that a large number of values of the resistance at 
a known temperature was obtained. 

The temperature of the boiling liquid was measured by 
means of a platinum resistance thermometer previously cali¬ 
brated, and a suitable mercury thermometer placed in the 
bath near the quartz capillary tube. The mercury thermo¬ 
meters were calibrated at the Reichsanstalt, and the 
high temperature and low temperature ones were divided 
into fifths and tenths of a degree centigrade respectively. 
The degree of accuracy attained in the measurement of 
the bath temperature is shown by the agreement between 
the temperatures indicated by the mercury and platinum 
thermometers in the neighbourhood of 300® C. The difference 
between them was never greater than 0*1® C. when the 
liquid was at its boiling-point. 

Experimental Difficulties and Possible Errors. 

The chief diflSculties encountered in the present investi¬ 
gation were : (i.) Thermoelectric currents; (ii.) formation of 
air-bubbles in the capillary, especially at high temperatures ; 
and (iii.) variable contact resistance between the platinum 
wires fused through the glass leads and the amalgam con¬ 
tained in the quartz tube. Special precautions were taken 
to eliminate as far as possible errors due to the above causes. 

The difficulty caused by thermoelectric currents was 
overcome by keeping the galvanometer circuit closed and 
adjusting the bridge resistance until there was no change 
in the continuous deflexion of the galvanometer on 
completing the battery circuit. Under these conditions, 
the value of the bridge resistance is equal to the resistance 
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to be measured in virtue of the properties of conjugate 
conductors. 

The presence of air-bubbles could be detected quite easily 
during the experiments, as their eflfect was to increase the 
resistance of the amalgams, whereas the addition to the 
mercury of the metals employed in the preparation of 
tlie amalgams produced a decrease in the resistance. This 
difficulty was overcome by heating the quartz tube in a 
furnace to a temperature of about 315° C. and running all 
the amalgam into one of the vertical limbs of the tube, which 
was then closed by a stopper. Keeping the tube and contents 
still in the furnace, the amalgam was then allowed to run 
slowly through the capillary, and the rate of flow was regu¬ 
lated by the amount of air allowed to enter the limb through 
the stopper. By this means the bubbles were removed fairly 
quickly, but if, on examination with a lens, the presence 
of bubbles was still detected the process was repeated. 
Determinations of the resistance were then made, both at 
room and at high temperatures. After every high tempe¬ 
rature reading, the presence of air-bubbles was again tested, 
both by means of a lens and also by re-determining the 
resistance of the column at room temperature. If this 
value was found to be the same as before, as was generally 
the case, it was assumed that no bubbles had been produced 
during the heating. 

The possible errors introduced by variable contacts were 
found to be negligible in the case of mercury, but were 
u,ppreciable in the case of the amalgams, especially those 
of the higher concentrations. The surface of the amalgam 
in each limb was generally covered with a thin film, probablj' 
caused by slight oxidation. Unless these films were cleanly 
pierced by the platinum points when the leads were 
introduced, the best contact was not obtained, and the 
resistance of the amalgam plus the leads was thus not 
correctly determined. This effect would not be serious if 
in the determination of the leads resistance the platinum 
points were similarly affected. Experience, however, showed 
that this was not the case, but the difficulty was largely 
overcome by removing as much of the film as possible, and 
by cleaning the platinum points with concentrated nitric 
acid before every determination. 

It is estimated that the possible average error in the 


determination of more than 10 per cent, for 


the lowest concentrations, and not more than 4 per cent. 

4L2 
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for the highest concentrations. This corresponds to gan 
average error in the resistance measurement of *000125 ohm 


Method of calculating the Resistivity and 
Conductivity of the Amalgams. 

From the values obtained for the resistances of the 
column of mercury, and of amalgam, at a given temperature 
C., and the value of the resistivity of the former at the 
same temperature, the resistivity and conductivity of the 
amalgam at temperature C. were calculated as follows;— 
Let R and RAm he the resistances of the column of 
mercury and of amalgam respectively at temperature C. ; 
also let p and L be the values of the resistivity and con¬ 
ductivity respectively of mercury at temperature ^°C., and 
PAm and LAm the corresponding values for the amalgam at 
the same temperature. If Z and A denote the length 
and cross-section respectively of the column at the above 
temperature, then 

A 




From these equations we obtain 


PAm" 


:R 


Am 


(&)• 


From (1), and the relation 

hiAm== 


1 

PAm 


(l> 


( 2 ) 


the resistivity and conductivity of the amalgam at tempera¬ 
ture C. can then be calculated in terms of the resistances 
of mercury and amalgam, and the resistivity of mercury 
at the same temperature. 

If AL be the difference between Lawi and L at temperature 
C., and C the concentration of the amalgam expressed in 
gram atoms of metal dissolved in 100 gram atoms of 

mercury, then the value of Z ^ ^ at temperature C. 

can be calculated. For this calculation the actual value 

of AL need not be obtained, for the value of -j— can be 
found directly from the resistances thus : 

AL La7ij — L 
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Applying equation (1) we get 


Then 



. . (3) 


1 / Ji IIa»A 

0 V Ram ) 


( 4 ) 


This was the method actually employed in the present 
investigation for evaluating L 


Experimental Eesults. 

The Electrical Resistivity of Pure Mercury. 

As previously explained, the method used in calculating 
the resistivity of an amalgam of known concentration 
involves measurements of the resistances of the mercury 
and the amalgam column under identical conditions. 
Such measurements in the case of mercury were carried 
out in the quartz tube, and the results are collected in 
Table I. Assuming the resistivity of mercury at 0° 0. to 


Table I.—Mercury. 


1 Tem- 
petature, 

; jfo C. 

i 

Resistance 
in ohms, 

Average 
tern per at are 
coefficient of 
resistance 
from 0^ C. 
to P C. (un¬ 
corrected for 
expansion 
of Quartz), 

xio^. 

i 

i 

i 

Correction 1 
for expansion | 
of Quartz, } 

— n 

■ 

X 10<. ! 

I 

1 

Corrected 
average 
temperature 
coefficient 
of resistance 
(and resis¬ 
tivity) from 
0° 0. to C., 

xio*. 

Resistivity 
of Mercury 
at C, 
Xl0« 

Con¬ 
ductivity 
of Mercury 
at JfOO. 

00 

•3333, 

■ 

j _ 

— 

— 

94074 

I 106299 ' 

11*5 

•3307, 

8-974 

•005 

8-979 

9504, 

10521i 

100-0 

•33623 

9-867 

•005 1 

9-872 

i0336x 

96749 

217*3 

•4136, 

11-083 

•006 

11-089 

11674^ 

85658 

257*5 

•432J, 

11-514 

•006 

11*520 

121975 

8I984 

300*0 

i 

! -4530, 

11-970 

•007 

11-977 

12787e 

! 7820i 

i 
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be 94074 X 10”^, and correcting for the expansion o£ the 
quartz envelope, the resistivities of mercury at various 
temperatures can be calculated. The results obtained agree 
within the limits of experimental error with values obtained 
by Edwards who found that, 

94074 X 10“»[1 + -038877^ +*06977^2+ -0al9^»]. 

The Electrical Conductivity of dilute Gold Amalgamsm 

So far as the author is aware, no previous determinations 
of the conductivity of dilute gold amalgams have been made. 
Determinations, however, have been made of the conductivity 
of gold amalgams whose concentrations were much greater 
than those employed in this investigation. Matthiesen and 
Vogtf measured the conductivity of amalgams containing 
between 80 per cent, and 90 per cent, of gold, whilst 
Parravano and Jovanovich t made observations with amal¬ 
gams containing about 60 per cent, of gold. In both cases 
the conductivity was found to increase with increase in the 
concentration of gold dissolved in mercury. However, 
owing to the great diflFerence in the concentrations, the 
results for the above amalgams are not comparable with 
those obtained in the present experiments. 

The gold employed in the present investigation was very 
pure, and was obtained in the form of thin foil from Johnson, 
Matthey & Co., London. The amalgams were prepared by 
the direct addition of the gold to the mercury. It was 
found that the gold goes into solution only very slowly at 
ordinary room temperatures, but much more rapidly if the 
mercury is heated beforehand. 

Determinations of resistivity were made for nine different 
amalgams having concentrations varying between *04 per 
cent, and *32 per cent, by weight of gold in mercury. 
According to Gou}*^ §, the solubility of gold in mercury at 
room temperatures is ’13 per cent, by weight. In the 
present work, however, it was found possible to prepare, and 
also to make determinations with amalgams containing even 
•32 per cent, of gold at room temperatures. This also 
represents the limit of solubility, for, any further addition 
of gold produced no change in the resistance of the amalgam 
column, and the excess of gold remained out of solution, 

* Loc, cit, 

t Matthiesen and Vogt, Fogg, Ann, cxvi. p. 376 (1862). 

t Parravano and Tovanoyich, Gazz. Chim, Ital, xlix. (i.), p. 1 (1919). 

S A. Gouy, Joum. Phys, (3) iv. p. 320 (1895). 
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The amalgams were contained in the same qnariz tube as 
that used £or the mercury determinations, and the resistance 
determined at the following temperatures :—11’5° C., 100° C., 
and 300° C. For two amalgams of concentration *12 per 
cent, and *24 per cent., the resistance was further determined 
at 217*3° C. and 257*5° C.; thus enabling the average 
temperature coefficient of resistivity of the amalgam to be 
calculated at various stages of temperature between 11*5° C.. 
and 300° C. 


Table II.—Gold Amalgams. 


Percentage ^ 
weight of i 1 

Ooldin 1 ' 

Mercury. 

Resistance in ohms of column at temperature t° 0. 


R 

®217*30- 


®3(X)o* 

0 (Mercury). 

•3307, 

•36623 

•41363 

•4321t 

•4530^ 

•04004 j 0407 

•3362. 

•3654o 


■ 

•45146 

*06006 i *0611 

j 

•3359^ 

•3649^, 

— 

— 

•4507„ 

•08001 -0814 

! 

•3357o 

•3645o 

— 

- 

• 45 OO 5 

•12000 ; *1221 

•33o0_j 

‘3636, 

• 4 IOI 7 

4282. 

•44873 

•16015 I *1629 

•3344., 

i -36293 

— 

— 

•44763 

•20020 : *20365 

•3340i 

•36203 

\ — 

— 

•44645 

•24001 1 *2441 1 

•3333i 

j -36131 1 

1 -4072., 

1 ' 

•4254i 

•4456, 

•28002 * *2848 j 

> j 

•33285 

j -3606, 

— 

— 

•4418, 

*32000 j -3255 

•3324o 

i -3001 „ 

— 

— 1 

•44423 


The resistances obtained for the column of amalgams of 
various concentrations are given in Table II., and their 
relative values are shown in Graph I. Table III. gives the 
corresponding values obtained for the resistivities and 
conductivities of the amalgams. The average temperature 
coefficient of resistivity of an amalgam of percentage 
weight *12 (or “C” = *1221) for various temperature 
intervals between 11*5° C. and 300° C. as determined from 
the observed resistances, is given in Table IV., and the 
values of this coefficient between 11*5° C. and 100° G., lor 
amalgams of various concentrations are collected in Table V. 
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Table III.—Gold Amalgam. 



percentage 
weight of 
Gold in 
Mercury. 


Kesistivity 

Conduc¬ 

Uesistivity 

Conduc¬ 
tivity of 
Aittalgani 
at C. 

Tem¬ 

Concen¬ 

of* Pure ' 

tivity of 

of 

perature, 

C. 

tration 
“ C.” 

Mercury 
at C.. 
XK®. 

Pure 
Mercury 
at C. 

Amalgam 
at (\ 
Xl0\ 


•04004 

•0407 

9505 

10521 

9490 

10538 


•06006 

•0611 

9» 

»» 

9481 1 

10547 


•08001 

•0814 

>• 


9475 i 

10555 


•12000 

•1221 

}» 

ft 

9456 i 

10576 

11*5 

•16015 

•1629 

?> 

*’ 

9410 j 

10591 


•20020 

• 2 O 063 


M 

9427 j 

10608 


•24001 

-2441 

' 

»» 

9407 1 

10631 


•28002 

•2848 

' 

>> 1 

„ 

9394 j 

10645 


•32000 

•3255 


tt 

9381 ! 

10660 


•04004 

•0407 

10336 

9675 

10313 1 

9697 


•06006 

•0611 


J» 

10301 

9708 


*08001 

•0814 


ff 

10287 

9721 


•12000 

•1221 

\ 

it 

10264 

9743 

100 

•16015 

•1629 

i 

if 

10243 

9763 


•20020 

•2036- 

! 

if 

’ 10217 

9787 


•24001 

•2441 

1 

>» 

10197 

9807 


•28002 

•2848 

! >» 

i 

tt 

10179 

9824 


•32000 

•3255 

' ” 

if 

10163 

9840 


•12000 

• 1-221 

: 11674 

8566 

11577 

8638 

217-3 

•24001 

•2441 

1 


J) 

11495 

8700 


•12000 

j 1221 

12197-5 

8198 

; 12087 

8273 

257-5 

•24001 

•2441 

*. J 


i 12007 

1 ; 

8.-I29 


•04004 

•0407 

; 12788 

7820 

; i-.'74a 

7847 


: 06006 

•0611 

>» 


; 1-27-22 

78rp(l 


•08001 

•0814 

5’ 

ft 

i 1-2704 

787-2 


•12000 

•1221 


if 

1 12666 

i 7895 

300 

t -16015 

j -1629 

' ’ll i 

i 5-S 

i 12634 

7916 


I -20020 

i 20365 

i 

i 

,, 

; 12602 

7936 


•24001 

! -2441 

! ' 
i ” 

it 

! 12580 

7949 


•28002 

; -2848 

! >• : 

t • 

12557 

7«63-.5 


•32000 

j -3255 ■ 

i i 

I ■ 

!l 

1 12539 

7975 
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The variation of this coefficient with the concentration can 
be seen from Graph II. For purposes of comparison, the 


Table IV.—Gold Amalgams. 
Amalgam of Concentration “C^’ = •1221. 


Tem¬ 

perature, 

0. 

KeaiBtivity 
ofMereury 
at <°C., 
XlO**. 

Resistivity 

of 

Amalgam 
at t^Q., 
X10«. 

Average 
temperature 
coefficient of 
resistivity 
of Mercury 
from 11*5^0. 
to C\ 
XIO^. 

Average 
temperature 
coefficient of 
resistivity 
of Amalgam 
from 11*5° 0. 
to ^^0., 

X 

X10^ 
li 

11-0 

9£)05 

I 9416 1 

— 

! 

i 

•519 

100*0 

1033G 

10264 

9*886 

9*664 

•701 

217*3 

11674 

11577 

11*093 

10*902 

‘841 

257*5 

12197-5 

12087 j 

11*520 

11*318 

•911 

300*0 

12788 

12666 

11*973 

11-768 

•963 


Table V.—Gold Amalgams. 


Concentration 
“ C.” 

Average tern- ij 

perature coefficient ,j 
of resistivity of > 
Amalgams from • 
11-5° 0. to 100° 0., 
XlCH. ij 

Concentration 
“ C.” 

Average tem¬ 
perature coefficient 
of resistivity of 
Amalgams from 
11*5° C. to 100^ C., 
XKH. 

0 (Mercury). 

i! 

9-886 ' 

•1629 

9-610 

•0407 

1 

9-804 '■ 

,1 

•20365 

1 9-484 

*0611 

1 

9-773 j 

•2441 

1 9-497 

*0814 

9-699 

j{ 

*2848 

! 9-452 

1 

•1221 

t 

9-664 jj 

•3255 

5 

i 9*421 


values of ^ao> ^nd —I) are included 

together with the corresponding values for copper amalgams 
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in Table IX. and the variations of -j—, I, and (ioo 

changes in concentration can be seen from Graphs III., IV.> 
and V. respectively. 

The Electrical Conductivity of dilute Copper Amalgams. 

As in the case of the gold amalgams, very little work has 
been done on the condnctivities of dilute amalgams of copper, 
and the only investigation dealing with concentrations 
comparable with those used in the present experiments is 
that due to Johns and Evans* * * § . The conductivities of very 
concentrated amalgams, however,were determined by Batellif, 
Schleicher and Michaelis § ; but, on account of the lar^e 
difEerence in the respective ranges of concentrations, their 
results cannot be compared with those obtained in the 
present work. The results of Johns and Evans H, on the 
other hand, were obtained for amalgams containing respect¬ 
ively '01 per cent., ‘015 per cent., and *02 per cent., by 
weight of copper, and their determinations were all made at 
300° 0. Their observations, covering only a small range of 
concentrations, were, however, rather irregular. 

In the present investigation, determinations of the con¬ 
ductivities were made at 11*5° C., 100° C., as well as at 
300° C., and the measurements were carried out over a 
greater range of concentrations than those studied by Johns 
and Evans. In fact, at each temperature, determinations 
were made for increasing concentrations up to the limit of 
solubility of copper in mercury. Different values are given 
by different workers for the solubility of copper in mercury. 
This is undoubtedly due to the difficulty in getting the 
copper into solution, and depends to a great extent on the 
method by which the amalgam is prepared. In the present 
work the amalgam was prepared by direct addition of the 
finest electrolytic copper to mercury. The copper had 
previously been cleaned with dilute sulphuric acid, washed 
with distilled water, dried, and then reduced to very fine 
filings. Even whfm the mercury was heated to about 
300° C., the copper was found to be only sparingly soluble in it. 

• Lac. cit. 

t Loc. cit. 

J Schleicher, Zeit. Electrochem, xviii. p. 998 (1912). 

§ Michaelis, Dissert. Berlin (1883). 

II Loc. cit. 
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The conductivities o£ seven di£Ferent amalgams, of concen¬ 
trations ranging between '010 per cent, and *044 per cent, by 
weight, were determined at 300® G. It was fonnd impossible 
to prepare amalgams containing more than *01 per cent, of 
copper at room temperatures, and more than *015 per cent, 
of copper at 100® C., for any further addition of copper was 
found to produce no change in the resistance, and the excess 
of copper remained out of solution. 

The observed values of the resistances of the amalgam 
column of various concentrations are given in Table VI. and 


Table VI.—Copper Amalgams. 


Percentage weight 
of Copper in 
Mercury. 

Concen¬ 
tration C.” 

Besistance in ohms of column at 
temperature ^*^0. 




0 (Mercury). 

•33678 

•33623 

•453O4 

•01020 

•0i22 

•33635 

•36658 

•45173 

•01531 

•0483 


•36623 

•4512„ 

•02042 

•0643 

— 

— 

•4506^ 

•02540 

•0802 


— 

•45013 

•03137 

•0990 

— 

— 

•44953 

•03516 

•1110 

— 

— 

•44923 

•04437 

•1406 

— 

— 

•44863 


the corresponding values of the resistivities and conductivities 
in Table VII. Table VIII. gives the comparison between 
the values of the temperature coefficient of resistivity, and 
the resistivity of mercury wdth the corresponding values 
obtained for an amalgam containing *01 per cent, by weight 

(«C” = *0322) of copper. The values obtained for ly 

l^, and (ioo —0 are shown in Table IX., and the variations 
of these values, with concentration, are shown in Graphs III., 
IV., and V. 
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Table VII.—Copper Amalgams. 


Tem¬ 

perature, 

Per¬ 
centage 
weight of 
Copper in 
Mercury. 

Con¬ 
centration 
“ C.” 

Eesistivity 
of Pure 
Mercury 
at C., 

xw. 

Con¬ 
ductivity 
of Pure 
Mercury 
at t° 0. 

Resistivity 

of 

Amalgam 
at C., 
xio^ 

Con- 
d activity 
of 

Amalgam 
at C. 

11*5 

•01020 

•0322 

9605 

. 

10521 

9493 

10534 

100-0 

•01020 

-0322 

10336 

9675 

10318 

9692 


•01531 

•0483 


»» 

10308 

9701 


•01020 

1 -0322 

12788 

7820 

12763 

7841 


•01531 

1 -0483 


i ’’ 

12736 

7852 


•02042 

' 0643 

it 

1 

it 

j 12721 

7861 

300 0 

i 

•02540 

i -0802 


t> 

! 12708 

7869 


•03137 

•0990 


a 

12691 

7880 


•03516 ■ 

•1110 

fi 

a 

12680 

7886 


•04437 ! 

•1406 

1 

1 

\ 

12661 

7898 

1 J 


Table VIII.—Copper Anialoam. 
Amalgam of Concentration ‘‘ C ” = ’0322. 


1 

Tem¬ 

perature, 

t'=>Q. 

Resistivity 
of Pure 
Mercury 
at C., 
XW, 

Resistivity 

of 

Amalgam 
i at??°C., 
xio«. 

Average 
temperature 
coefficient of 
resistivity 
of Mercury 
from 11*5° C. 

t0 2f°C., 
j X10^ 

Average 
temperature 
coefficient of 
resistivity 

1 of Amalgam 
from 11-5° C. 
to ifoC., 

xm 

^X10“. 

Jj 

11'5 

9505 

9493 

— 

— 

*128 

! 1000 

10336 

10318 

9-886 

9-828 

•178 

1 3000 

12788 

12753 

11-973 

11-903 

•277 
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Table IX. 


Nature 

of 

Amalgam. 

Tein- 

perature 

C. 

Con¬ 
centration 
“ C.” 



XlO*. 

1 


11-5 

•0407 

*161 

3*95 




•0611 

•250 

409 




*0814 

•322 

3*95 

i 



•1221 

•619 

4-25 


Gold. 


•1629 

•691 

4-24 4-1 




•203t), 

•829 

4-07 




•:1441 

1041 

4*27 




*2848 

1*181 

4*15 




•3255 

1*318 

4*05 

[ 



1000 

•0407 

•228 

f 

6-60 i 




•0611 

•343 

5-61 ' 




•0814 

•475 

5*83 1 




*1221 

•701 

5*74 i 


Gold. 


•1629 

•909 

5*58 i 5*6 




•2036^ 

1160 

5*70 1 




•2441 

1*362 

5*58 ' 




•2848 

1*539 

5*40 



” 

•3255 

1*702 

5-23 j 

! 



300 0 

•0407 

•350 

i 

8*60 

•40 

! i 

1 1 


i -0611 

•519 

8*50 

•50 

l i 

9f 

i -0814 

•664 

8*16 

•84 


Jf 

' -1221 

•963 

7*88 

1-12 

I Gold. 

y y 

1 -1029 

1*218 

7*48 9*0 

1*52 

i 

1 

yy 

•2036, 

1-476 

7*25 

i 1*75 

i 


! -2441 

1-651 

6*76 

2*24 


jf 

: -2848 

1-836 

6-45 

: 2*55 



•3265 

I 

1-983 

6*09 

1 2*91 

! 

Copper. 

11*5 

•0322 

•128 

j 1 

j 3-97 4-0 

i 

1 


100*0 

•0322 

•178 

i ; 

0*02 ‘ m- n 


Copper. 

»» 

•0483 

•274 

6-67 i 


! 

300*0 

•0322 

•277 ' 

8-59 ; 

•41 



•0483 i 

•408 1 

! 8-44 

•56 



•0643 ! 

•530 1 

8-26 i 

•75 

Copper. 

It 

•0802 

•633 i 

7-89 9-0 

Ml 


tt 

•0990 

•768 1 

7-75 1 

1-25 



•1110 

•848 ! 

7-64 

1-36 


«» 

•1406 

1-006 j 

■7-.5 : 

1-85 
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Disoussiok of Results. 

It can be seen from Tables II. and VI. that the resistance 
of mercury is decreased by the addition of gold or copper, 
and that this change becomes greater -with increase 
in temperature. From Graph I. for gold amalgams, it is 
observed that at ll‘5° C. the resistance of the amalgams is 
a linear function of the concentration; whereas at 100*^ C. 



C-- 

and 300° C. there is a deviation from the linear law, and 
this deviation is seen to be more rapid at the higher tempera¬ 
ture. This is also the case with the copper amalgams. 

Correspondingly, as shown in Tables III. and VII., there 
is an increase in the conductivity of the amalgam with 
concentration, and this change of conductivity as compared 
with mercury increases with increase in temperature, when 
the concentration of the amalgam is small. 
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From Tables IV. and VIII. it can be seen that both for a 
gold amalgam of concentration 0^’ = *1221, and for a 
copper amalgam of concentration “ 0’0322, the average 
temperature coefficient of resistivity of the amalgam between 
11‘5°C. and the various higher temperatures increases with 
increase in temperature-difEerence. However, the values in 
each case are seen to be less than the corresponding values 
obtained for mercury. In addition, it is clearly shown in 
Table V. and Graph II., that for the gold amalgams, the 
difference between the average temperature-coefficient of 
resistivity of the amalgam and that of mercury between 
11*5° and 100^0. becomes greater as the concentration of 
the amalgam is increased. 



The values obtained for the quantities necessary to discuss 
the results for copper and gold amalgams in relation to 
Skaupy^s theory have been collected in Table IX. The 
concentration “ C is expressed in gram atoms of metal per 

100 gram atoms of mercury ; and is the increase in 

conductivity relative to that of mercury at the same tempera¬ 
ture. The sixth column gives the value of I for infinite 
dilution, L e., the value of the ratio of the increase of 
conductivity relative to mercury at the same temperature^ 
to the concentration, when the latter is very small. 


Xoc. ciL 
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It can be seen from column 4, Table IX., and also from 

Granh III., that the value of increases both with increase 

in concentration and with increase in temperature for gold 
and copper amalgams. At room temperatures the relation 

between and C ’’ is linear, but at high temperatures 



the relation deviates from the linear law. The values 
obtained for copper amalgams have been plotted in Graph III. 
for comparison with those obtained for the gold amalgams. 
However, owing to the impossibility of preparing more 
concentrated amalgams at 11’5^ C. and 100^ 0., an extended 
set of curves for copper amalgams analogous to those 
obtained for gold amalgams cannot be obtained, and a com¬ 
plete comparison of the respective values of -j- at the lower 
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cannot be made. At the lower concentrations 
ttie corresponding values of are practicmlly the same for 


both amalgams, but at higher concentrations at a temperature 
of 300® C. there is a marked difEerence between them, the 
copper amalgams having the smaller values. This shows that 
the eflFect of copper and gold on the conductivity of mercury 
is practically the same for small concentrations ; but, with 
increase in concentration, the efEect of copper is less than 
that of gold, especially at high temperatures. 

The values of Z ( = ^ are given in column 5, Table IX.,. 



and its variation with concentration C ” at 300® C. is shown 
in Graph IV. The relation in both cases (copper and gold) 
is a linear one, sloping downwards towards the axis of con¬ 
centration. The value of is the value of I at the point 
where the straight line graph meets the axis of Z. This 
value was found to be 9*0x10“^ both for copper and for 
gold amalgams. It is not in agreement with the value 
obtained by Johns and Evans* for copper amalgams. In 
their experiments, however, they only considered three low 
concentrations, and the values they obtained for Z varied 
irregularly with concentration. They tookl^ to be the mean 
of these three values of Z, and in this way found its value to 

♦ Xoe, cit. 

Phil. Mag. S. 7. Vol 6. No. 40. Dec. 1928. 4 M 



I250 Mr. T. C. Williams and Dr. E. J. Evans on the 

be 6’5x 10"^. The disagreement between these twa values 
of for copper amalgams is probably due to the experimental 
difficulties met with in dealing with this amalgam, namely, 
the low concentrations possible, the liability of its surface to 
oxidize, and the slowness with which the copper goes into 
solution. Any consequent errors would have a serious effect 
on the value o£ I for low concentrations, such as those 
considered by Johns and Evans. By increasing the concen¬ 
tration, however, the effect of errors of observation on the 
value of I would be greatly diminished. This was done in 
the present experiments, and the results obtained for copper 
amalgams of different concentrations are in better agreement 
amongst themselves than those obtained by Johns and 
Evans and clearly indicate that their values were too low. 
The lower values of I obtained by them may possibly be due 
to their having taken insufficient precautions to ensure that 
the copper was completely dissolved. 

At 11’5^ C. and 100*^ C. for gold amalgams the values of 
I were found to be practically constant for all concentrations, 
and was taken to be the mean value. In this way it was 
found that was 4*1x10"^ at 11*5° 0., and 0*6 x 10 ^^ at 
100 ^ C. For copper amalgams only one value of I was 
obtained at 11‘5° C,, and this was taken to be the value of 
Z^. Even at 100° C. only two values of Z were obtained, 
and in this case Z^ was taken to be the mean of both. In 
this way it was found that Z^ for copper amalgams was 
4*0 X 10"^^ at 11*5° C., and 5*6 x 10“^ at 100° C. 

It can therefore be taken that the corresponding values of 
Z^ are the same within experimental error for both the copper 
and the gold amalgams. 

Johns and Evans * in their work also made a thorough 
investigation of the change produced in the conductivity of 
mercury by the addition of silver ; and it is interesting to 
note that the values they obtained for Z^ for silver amalgams 
agree, within experimental error, with those obtained in the 
present work for copper and gold amalgams. The comparison 
oan be made from the values collected in Table X. 

According to Skaupy's theory t? which has been referred 
to previously, the value of should be of the same 

order of magnitude for different metals dissolved in mercury. 
Unfortunately, the values of at 11*5°, 100°, and 300° C. 
are not known for amalgams of concenl rations equal to those 
employed in the present experiments, and, therefore, one is 


* Lor:, cit. 
t Loc, cit. 



Cm^^ctivity df Amalgams of Gold and Copper. 1251 


obliged to opnsider the values of alone in relation to the 
different amalgams. As we have already seen from the values 
obtained by the present authors for copper and gold amalgams, 
and those obtained by Johns and Evans for silver amalgams 
(as seen in Table X.), it can be concluded that the value of 
at the same temperature, is the same, within experimental 
error, for amalgams of all the metals in Group 1 (5) in the 
Periodic Table. This means that, atom for atom, the effect 
of copper, silver, and gold on the conductivity of mercury is 
the same, provided the concentration is small. 

A farther point in Skaupy’s * theory is that, neglecting 
the variation of viscosity with concentration, the value of 



should be constant. 


At 11-5° C. and 100° C. there 


Table X. 


Temperature 

C X 10=“ 
for Copper. 

1 1 

for Silver. ! 

^»X10= 
for Gold. 

11-5 

4*0 

4-0 (at ’ 

4*1 

1000 

5G 


f)-6 

S()00 

9*0 

Vl-0 i 

9^0 


was very little change in the value of I with concentration, 


and, consequently, the values of 


at those temperatures 


are not discussed. However, at 300° C., as seen in Table IX., 
the value of (l^ — 1) increased with concentration in the case 
of both copper and gold amalgams. The variation of — Z) 
with “ C is shown in Graph V., and the relation between 
the two quantities is approximately a linear one, thus 


showing that is approximately constant. It is impor¬ 


tant to point out here that an accurate experimental deter¬ 
mination of Z is very difficult for low concentrations and that 
any error in its value involves a much greater percentage 
^rror in the value of (I —/). 


* Loc, ciu 
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A possible explanation of the increase in title value of 
■with temperature is that the electron concen¬ 
tration in the amalgam as compared with mercury is 
increased with increase of temperature ; but tlm question 
®£ whether viscosity enters into the problem in any form 



!(=1 
\ C 


L 


must bo left until experiments have been carried out on 
alkali amalgams. 


SVMMABT. 

1 . The conductivities of dilute amalgams of copper and 
gold have been determined at 11*5°, 100°, and 300° C. In 
the case of gold amalgams, at each temperature the conduc¬ 
tivity was determined over a range of concentrations equal 
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to the maximum range possible at 11*5® C.; whilst for copper 
amalgams^ at each temperature the determinations were made 
for increasing concentrations up to the limit of solubility of 
copper in mercury at that temperature. For gold amalgams 
of concentrations “G”=*122l and “ C ”=*2441, the con¬ 
ductivity was also measured at 217*3® and 257*5° C. 

2. The average temperature coefficients of resistivity 
between 11*5° and t° C. of gold amalgam of concentration 
“ 0” = *1221, and of copper amalgam of concentration C ” 
= *0322, were measured, and in both cases were found to 
increase as the temperature difference increased. However, 
the values were less than the cerresponding ones in the case 
of pure mercury, 

3. The values of the average temperature coefficients of 
resistivity of gold amalgams of various concentrations, 
between 11-5° and 100° C., showed a diminution as thecon-i 
centration increased. 


4. In the case of gold amalgams, at 11*5° and 100° C. the 
increase of conductivity relative to the conductivity of 
mercury at the same temperature was practically proportional 
to the concentration, but at 300° 0., in the case of both 
copper and gold amalgams, this was found not to be the case. 


5. For copper and gold amalgams, the value of ^ 


(i.the ratio of the increase of conductivity relative to 
mercury to the concentration) was determined at each tem¬ 
perature and for each concentration, and the values compared 
with the corresponding ones obtained by Johns and Evans* 


for silver amalgams. 


It was found that the value 



AL 

L 


at infinite dilution (t. e., for extremely small concentrations) 
was practically the same at the same temperature for 
amalgams of copper, silver, and gold. This means that, 
atom for atom, the effect on the conductivity of mercury of 
the different metals in Group I. (6) in the Periodic Table is 
the same. 


October Ist, 1928. 


* Loc. dt. 
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OXXI. Elentronic Waves and the Electron, 

TnoMSOir, OM,^ F.R,S., Master of Trinity Coti^e^ €mm, 
bridge 

Summary. 

RbjOENT experiments have shown that a moving electron is 
accompanied by a train of waves. No such waves would be 
produced by the motion of an electron if, as hitherto assumed, 
it consisted solely of a point charge of electricity. The 
electric and magnetic forces round a moving electron of this 
type can be calculated from Maxwell’s equations and have 
long been known, and there is nothing in the distribution of 
these forces approaching that in a train of waves. In thib 
paper it is shown that if the structure of the electron were 
such that this point charge or something analogous to it 
formed a nucleus which was surrounded by a system such as 
we shall proceed to describe, then the motion of the electron 
would from the ordinary laws of electro*dynamics give rise 
to a train of waves, and, moreover, that the relation between 
the wave-length of this train and the velocity of the electron 
is exactly that indicated by the experiments of G. P. Thomson. 
The electronic waves on this view are electrical waves, but 
they do not travel through the normal ether, but througb an 
ether modified by the system wliich envelops the nucleus of 
the electron. These waves would be produced if the system 
enveloping the nucleus, and wliich we shall call the ‘‘ sphere 
of the electron, were made up of parts which can be set in 
motion by electric forces, and when in motion produce the 
effects of electric currents. Such a structure might consist 
either of a distribution of discrete lines of force, or of a 
number of positively- and negatively-electrified particles 
distributed through the sphere of the electron. These would 
behave like free particles, even though the opposite charges 
were bound together in doublets, if the frequency of the 
forces acting upon them were large compared with the natuml 
frequencies of the doublets. The properties of a structure of 
this kind are discussed, and it is shown that the sphere of the 
electron would have a definite period of vibration, the 
frequency of the vibration being proportional to the square 
root of the number of electrified systems per unit volume. 
These vibrations are of a peculiarly interesting kind, inasmuch 
as though they are electrical vibrations they are not accom-- 
panied by any radiation of energy, so that when once started 

* Oommuuicated by the Author, 
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they are maintained for an indefinite time. The vibrations 
consist of an oscillating electric field which is not accom¬ 
panied by u magnetic one, the Poynting vector vanishes, and 
there is no transmission of energy. The sphere of the 
electron can thus vibrate, and so also can the nucleus, the 
time of vibration for the nucleus being proportional to 
the time light takes to travel round its circumference. Thus 
the two parts of the electron, the nucleus and the sphere,, 
are each capable of vibration, and when the electron is in a 
steady state the vibrations of the two parts will be in 
resonance. The electron has thus, in addition to the steady 
electric field due to the negative charge on the nucleus, an 
alternating field in which tlie energy remains constant since 
there is no radiation. The oscillating field is the seat of 
energy, and thus the total energy of the electron is that due 
to the charge on the nucleus plus that due to the oscillating 
field. This is important in connexion with the calculation of 
the size of the electron. The usual estimate 1*4 x 10”^^ cm» 
for the radius, a, is deduced on the assumption that the 
energy due to the charge on the nucleus accounts for 
the whole of the energy of the electron; if e^l2a represents 
but a part, and it may be a small part, of the total energy, 
the corresponding value of a would be much larger. 


Stationary Electron, 

When the nucleus is not in motion it is shown that the 
components of the oscillating electric and magnetic forces 
are represented by equations of the form 

co&PQt.f(x,y,z), .(L> 

where po Is the period of vibration of the electron and f a 
function such that 

^ dY 

An interesting special case representing a symmetrical 
electron is when 


X=Aoo.„<4J, 


T—Acospo^ 


A. 1 

dy r’ 


Z=Acos 


£1 

dz r * 


az=i0z=:y z=z 0 . 


(X, Y, Z) (a, jS, 7) are the components of the electric and 
magnetic forces respectively and r the distance from the 
centre of the nucleus. Here the oscillating electric force is 
radial and always proportional to the steady force due to the 
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-(^rgo on the nnclens. Th« energy per nnit volnme dne im . 
the oscillating field and that doe to the steady field bear a 
constant ratio to each other. It shonld be noticed that tbi' 
total energy due to the oscillations remains constant, altboa^ 
the electric forces vanish periodically, for this energy fit 
made up of two parts—one due to the electric field iteelt^ 
-other to the kinetic energy of the moving electrified particles 
in the sphere; the sum of these two parts is constant. Sines 
in each unit of volume the energy due to the oscillating field 
bears a constant ratio to that due to the field of the nucleus, 
the total energy of this field in the electronic sphere will be 
proportional to that of the nucleus, i. e. to ^J2a, the total 
energy of the electron which is the sum of these parts will 
also be proportional to 1/a. The time of vibration of the 
electron is proportional to the time light takes to travel 
round the circumference of the nucleus, and thus the fre¬ 
quency is proportional to 1/a. The ratio of the energy of the 
electron to the frequency of its vibrations is thus indepen¬ 
dent of the size of the nucleus—this ratio is Planck’s 
constant for the electron. Reasons are given for thinking 
that when an electron of this type emits light the energy in 
the quantum of the light it emits will bear to the frequency 
of the light the same ratio as the energy of the electron 
bears to the frequency of its vibrations. Thus Planck’s law 
would be a consequence of the structure of the electron. 


The Electron in Motion, 

By using Maxwell’s equations we find that when an 
electron of this type moves parallel to the axis of x with 
uniform velocity m, the field is given by the equations 

T=A' cosj. ((- ~) Z=A'ooBy (l- f ).| 5 , 

.= 0 , 

kf A d 1 

R®=—ut) *+y*+0®, 



where 


P=P^, 
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Thus the field consfets of plane waves of electric and 
magnetic force of diminishing amplitude travelling along 
the direction of motion of the electron. The wave-length X 

the w aves is given by the equation 

X=2^c*>y/^ . (II.) 

thus Xw is proportional to This is precisely the 

relation found by G. P. Thomson in his experiments on 
the diffraction of electrons. This expression for the wave¬ 
length is not confined to any particular distribution of the 
alternating field in the electron at rest. In the most general 
case, where one of the components of electric force in the 
electron at rest is given by an expression of the form 
cos .y(a?, y, z)^ it can be shown that for the moving 

electron the solution is cos f{h{x^ut)^ z)^ giving 

waves of the same length as the special solution we con¬ 
sidered. Thus it follows from the principles of classical 
electrodynamics that a moving electron of the type we are 
discussing will be accompanied by a train of waves; the 
electronic waves on this view are waves of electric and 
magnetic force differing from plane waves passing through 
the normal ether in that the magnetic force in the electronic 
waves is, relatively to the electric force, smaller than in the 
normal electric waves. 

The electronic waves and the electron must always move 
in the same direction. Hence, if the direction of the 
electronic waves is deflected, as in the experiments on 
diffraction, the path of the electron will be bent; conversely, 
if the path of the nucleus is changed by the action of 
applied forces on its charge, the path of the waves will be 
-changed also. 

The periods and properties of the electronic waves afford 
some evidence as to the sizes both of the nucleus and the 
sphere which surrounds it. The wave-length of waves 
associated with electrons moving with known speed have 
been determined by G. P. Thomson. From these values we 
find from equation (II.) that po is about Since 

the vibrations of the sphere and ^e nucleus are in resonance, 
this will also be the frequency of the vibrations of the nucleus. 
The time of these vibrations will be comparable with the 
time light takes to travel over the circumference of the 
nucleus, so that the frequency will be of the order c/2wa ; 
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comparing this with the value 1*1 X 10^, we find that a must 
be of the order 5 x 10“^^, which is very much larger than the 
value 1*4x10"*^ deduced from the hypothesis that the 
electron consists of the nucleus alone^ 

Size of the Sphere ’’ round the Electron. 

The electronic waves must be in a super-dispersive medium, 
Le, in the sphere, hence the length of the train of these 
waves will be a guide to the diameter of the sphere. G. P. 
Thomson, from his experiments on diffraction, estimates the 
length of the train as at least 5 x 10“® cm., wdiich indicates 
that the size of the sphere is large compared with an atom. 
It is possible, how^ever, that though there must be a super- 
dispersive medium of at least this length, the whole of that 
medium need not consist of the sphere of the moving electron* 
Por if the sphere of an electron is even as large as an atom, 
then in a solid the spheres of the electrons in the closely- 
packed molecules will overlap, so that an electron travelling 
through it would be surrounded by a super-dispersive medium 
as large as the solid itself. The moving electron will excite 
in this medium waves w^hose length is the same as that of 
the electronic waves given by equation (II.); hence the length 
of the train will be fixed by the dimensions of the solid, and 
not by that of the sphere of a single electron. This would 
not apply unless the size of this sphere were comparable with 
the size of an atom, and therefore large compared with the 
nucleus, even if we adopt the new instead of the old estimate 
of the size of the latter. 


Field Equations inside an Atom. 

If the sphere of the electrons is comparable in size with 
the atom, the region inside an atom containing several 
electrons will be a super-dispersive region, and the field 
equations for the components of the electric and magnetic 
forces will be of the type 


\da:^ dy^ dz^ ) dt^ 


+ 




It must be remembered that the sphere of the electron 
only comes into evidence when it is exposed to exceedingly 
rapid vibrations ; when the frequency of the vibration i& 
small compared with Pq, the sphere behaves like the normal 
ether. 


In a solid where the molecules are tightly packed the 
spheres of their electrons might overlap and fill the solid 
with a super-dispersive medium in which the field equations 
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would be of the type (IIL). If an electrical wave, of fre¬ 
quency p, whether accompanied by an electron or not passed 
through the solid, the refractive index would be ^p^—polpi 
hence if p were greater than po t^^t comparable with it, the 
properties of the wave would vary rapidly with the value of 
p, and there would also be great differences between the 
properties of waves whose frequency was considerably less 
than po and those whose frequencies were greater, though 
not infinitely greater. Now, among the 7 -rays from 
radium C there are some whose frequencies are greater than 
Po (I’l X 10^®), others whose frequencies are much smaller, so 
that if we could isolate these rays the point under discussion 
could be subject to a very direct test. It is very difficult, 
however, to get anything like a monochromatic beam of 
7 -rays. I tried an experiment of another kind, testing 
whether or not the harder 7 -rays were, like electrons, deflected 
by an electric force. Since the nucleus of the electron and 
the electronic waves always travel in the same direction, the 
deflexion of the electron by electric force might be due to 
either to the deflexion of the waves or the deflexion of the^ 
nucleus. The waves would be deflected if the electric force 
produced a gradient in the refractive index of the medium 
through which they travel, the bending being analogous to 
that in a mirage ; if this were the cause of the deflexion, 
7 -rays of the same frequency as the electronic waves would 
also be deflected by the electric force. If, however, the de¬ 
flexion of the electron were due to the action of the electric 
field on the negative charge on the nucleus, and not to the 
effect on the sphere surrounding it, the y-rays would not be 
deflected by the electric field. The experiments are in favour 
of this view rather than the former. 


T he discovery by G. H. Tliomson and Davisson & 
Germer of electronic waves implies that the electron 
must be something much more complex than the point 
charge of negative electricity which had previously been 
regarded as its adequate representation. In * Beyond the 
Electron ^ and in a paper (Phil. Mag. xxxiii. p. 191) I have 
suggested a constitution for the electron which would cause 
a moving electron to be accompanied by a train of waves. 
I propose in this paper to develop the consequences of this 
hypothesis, and to describe some experiments I have made 
in connexion with it. 

On this view the electron consists 

(I.) of a nucleus which, like the old conception of the 
electron, is a charge e of negative electricity concentrated in 
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a small sphere. If a is the radius of this sphere, the energy 
due to the nucleus alone would be equal to qe^ja^ where q is 
a numerical constant if e is measured in electrostatic units. 
Its value will depend upon the way the electric charge is 
distributed throughout the region occupied by the sphere 
whose radius is a. It would, for example, be least if all the 
charge were on the surface of the sphere, it would be greater 
if the charge were uniformly distributed through the sphere, 
and greater still if the density increased towards the centre. 
This nucleus will have definite periods of vibration, for 
when it is in equilibrium the lines of force starting from it will 
be symmetrically distributed around it ; if this symmetry 
is disturbed, the new arrangement will not be in equi¬ 
librium, but will oscillate about the old one. The time 
of the vibration will be proportional to the time light takes 
to travel round the nucleus, i. e. to 27 ra/c, where c is the 
velocity of light. Let the time of vibration be k^irajc^ 
where ^ is a numerical constant; the frequency v is therefore 
cl27rakj and since E the energy is equal to qe^ja^ we have 
the relation 

This is a relation of the form E=:/n/ ; ^Trqke^jc correspond¬ 
ing to Planck’s constant /?. 

(II.) The nucleus does not constitute the whole of the 
electron ; surrounding it there is a structure of much larger 
dimensions which we shall call the sphere of the electron, 
made up of parts which under electric forces of very high 
frequency are set in motion and produce effects of the same 
type as are produced by convective currents of electricity. 
We shall suppose that these parts can be represented by a 
number of negative charges eacli with a mass fi and an 
electric charge — e, and an equal number of positive charges 
each with a mass fjJ and a charge +€. 

Field Equations for a Stationary Electron, 

Let (X, Y, Z) (a, ) 8 , 7 ) be respectively the components of 
electric and magnetic forces, N the number of either 
positive or negative charges per unit volume, and 
coordinates fixing the position of one of the charges. Then 
by Maxwells equations we have 

^ I /!_< dy 

with similar equations for Y and Z. 


. - (1) 
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Again 


dy da; 


dy 

dt 


( 2 ) 


When the frequency of the vibrations is large compared 
with that of the individual system formed by a doublet 
of +6 and —e, 

~ .(3) 




From (1), (2), and (3) we get three equations of the type 
I dx® dy* dz* da!\dx dy dz ) j * 




^ J . ,/Ne3 , Ne,*\ 

where ^o*=47rc|-—H —'^)t • • 

\ /* /A / 

and three of the type 

d*a , d*a\ 

From equations (4) we get 


(4) 

( 5 ) 

( 6 ) 




/dX dY dZ\^ j/dX dY dZ\ . _ 


This equation is o£ the type 


^ +p.>'('=0, 


and represents a vibration whose frequency is p^. Thns the 
region round the nucleus of the electron—“ the sphere ”— 
has a natural frequency po* 


Vibrations of Ionized Gas. 

The fact that a mixture of positive and negative charges 
vibrates with a definite frequency has applications to many 
problems besides the one under discussion. An ionized gas 
which contains free electrons and positive ions is a system 
quite analogous to the one we are considering. Whe 
an electric current passes through a discharge-tube con¬ 
taining gas at a low pressure, the negative glow, the positive 
column, the striations, etc. are all places where there are free 
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electrons and positive ions, and which therefore have definite 
times of vibration. For the ionized gas g = e the charge on 
ihe electron and is equal to its mass ; in this case the mass 
of the positive charge is so great compared with the electron 
that we may neglect the term in in equation (5), and 
substituting the numerical values of e and m in that equation, 
we find that the n umber of vibrations per second in the 
ionized gas is 2'8\/JN x 10^; if /is the fraction of the mole- 
■cules ionized, p the pressure in millimetres of mercury, 

N=f. x2-75xl0^ 


so that the number of vibrations per second is 

When the system vibrates with the frequency it is easy 
to show that 


1 dX 

C dt 


-f iTrSNe. 


div 

dt 


= 0 . 


^hus the convection currents balance the displacement ones 
so that there is no effective current. There are no currents 
to produce magnetic force so that the magnetic force will 
vanish, and with it the Poynting vector. Thus there is no 
transference of energy, and therefore no radiation. We 
have here the very interesting case of electrical vibrations 
without radiation. The oscillations in the ionized gas in the 
discharge-tube would be accompanied by oscillating electrical 
forces of the same period. These would not be detected by 
the ordinary methods of measuring the distribution of electric 
force along the tube. Thus, for example, such measure¬ 
ments show that the steady electric force in the negative 
glow is exceedingly small. It is possible, however, that 
owing to these electrical oscillations there may be forces of 
considerable magnitude but high frequency acting through¬ 
out the negative glow, and that these may have some 
influence in producing its luminosity. We can produce by 
the aid of hot-wire valves electrical forces of very high 
frequency. If these were applied to any ionized gas, pro¬ 
nounced effects might be expected when the frequency of 
i;he forces coincided with that of the free vibrations of the 
gas. 

We have seen that when a system of the type we have 
^assumed for the sphere of the electron is vibrating in its 
:?natural period the magnetic forces vanish, and hence the 
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electric forces must be derivable from a potential, so that we 
may write 

^ V— 

dy^ 


Velocity of Phase Propagation and Group Velocity 
in the Super ^dispersive Medium, 

If a plane wave whose frequency is p is travelling through 
the medium parallel to the axis of Zy we may put 

X=cosp^^ —Y=:0, Z = 0, 

where V is the phase velocity. Substituting these values in 
equation (4), we find 

.( 8 ) 


V2=c2. 


P 


P^—Pa’ 


or in terms o£ the wave-length \=27r .YJp, 


V®=c*4- 


47r* 


( 9 ) 


I£ (ji is the re£ractive index c/V, then from (8) 

.( 10 ) 

We see from (8) that waves whose frequency is less than 
Pq cannot be propagated through the sphere of the 
electron. This need not apply if p is very much smaller 
than jt ?05 for equation (3) is only true where the frequency of 
the vibrations is large compared with that of the free 
vibrations of the units forming the sphere of the electron. 
When this is not the case the field equations reduce to the 
ordinary equations of wave-motion. 

The group velocity, wdiich is also the velocity with which 
energy travels along the wave, is equal to 

i/|(j>/v) = .(5^^^^=o/v. . ai) 


Vistrihuiion of Energy when the “ Sphere ” is vibrating 
in its Free Period, 

Let the components of the electric force be represented 
X = Acospt*> Y = Bcospo*> Y = Ccospoi, 
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where A, B, C may vary from place to place. The energy 
per unit volume due to the electric force is 

(X*+Y*+Z®)/87rc*, 

and is thus equal to 

^2(A* + B2+0*)cos2po<. 


The kinetic energy per unit volume of the moving electri¬ 
fied parts is 


From the equations 


1^' 


d?Xr 

1 ^ 


= Xe, 



Xe, 


we find that the kinetic energy is equal to 
/N€« ^ 

1 \ji -+ B* + C>>) sin* poU 

^ Po 

But by equation (5) this equals 

g^(A« + B*+C>),in>.<. 


Thus the sum of the energy of the electric field and the 
kinetic energy of the moving parts is, per unit volume, 

j^(A»+B> + C?),.(12) 

and thus does not alter with the time, so that the energy in 
the “ sphere ” of the electron will be constant. 

If the oscillations have the frequency p instead of the 
kinetic energy per unit volume of the moving electrified 
parts is equal to 

™.^(A* + B>+C»).inV- • . . (13) 

As p is always greater than po,’ the average kinetic energy 
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is less than the average energy due to the electrostatic fields 
The nucleus and the sphere of the electron form a con¬ 
nected system, and energy can flow from the one into the 
other ; when a steady distribution or energy is reached the 
nucleus of the electron will be in resonance with the sphere. 
The frequency of vibrations of the sphere, depends upon 
the density of the electrified units of which it is composed,, 
and not upon the total number in the sphere ; thus by 
expansion or contraction it may adjust its period so as to be 
in resonance with the nucleus. On this view po will have a 
definite value, which will be the same whether the electron 
is free or whether it forms a part of an atom or molecule 
containing many other electrons. There is evidence, as we 
shall see, that the sphere of the electron is, on a low esti¬ 
mate, comparable in size with the dimension of an atom or 
molecule ; so that in a molecule containing many electrons 
their spheres would overlap and form practically a con¬ 
tinuous medium in which po would be constant and equal to 
the frequency of the vibrations of the nucleus of the electron. 
When such molecules unite to form a solid, the whole solid, 
from the point of view of the transmission of waves of very 
high frequency, may be regarded as an enormously large 
electronic sphere. We shall return to this point later. 


T'he Electron in Motion^ 


Let us now consider what will happen to an electron of 
this type if it is in motion instead of at rest; we shall 
suppose that it is moving uniformly parallel to the axis of x 
with the velocity xi. The motion of the lines of electric 
forces will produce magnetic forces whose direction at any 
point is at right angles to the lines of electric force at 
that point and to the direction of their motion ; the magnetic 
forces will thus be at right angles to the axis of x. These 
magnetic forces, like the electric forces whose motion pro¬ 
duces them, are alternating with great rapidity, and, as an 
alternating magnetic force produces electric forces which 
cannot be derived from a potential, the electric forces will 
not be given by the same expressions as for the electron at 
rest, but will be modified in a way we proceed to determine. 

The displacement current parallel to z in the moving 
electron will not be dTiJdt if d/dt denotes a partial differential 
d 

dt^"" 

of the magnetic force will not be djSjdt, but 

PhiL Mag. S. 7. Vol. 6. No. 40. Dec. 1928. 4 N 


coefficient, but ^ 


A 

dx, 


^ Z. Similarly, the rate of increase 
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Again, as the electric charges in the sphere of the electron 
are moving, the form parallel to on one of these units is 
not Zs hot (Z— 

Hence the equations of the field become 


1/da 

c\dt 

1/^ 

c^\dt 


dt dx dy ’ 

dY\ ^ ^ dy dot d^ 

^^d:x}'^^^^^di''Tz^dx^ 


dy dy <iX ^ 

dt dx dy dx^ 


d^ dp _ dZ _rfX 

dt ^ dx dx dz ’ 


We can find by inspection a solution when ujc is exceedingly 
small ; it is evidently 


a 


= 0 , 



7 = 


u 


Y, 


dt dx ’ 


u d7j dZ 

dt dx ‘ 

Hence, if 

d d 

Y = cos pof, . ^ f{x, y,z) Z = cospo< • ^ f{x, y, z) 

is the solution when the electron is at rest, then, retaining 
only the lowest powers o£ ujc, the solution for the moving 
-electron is 


Y = cos 7>o^*— 


Z = cos po — 


o “ 

p = — ^cospo 


y *^cospo(<' 
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By using the Lorentzian transformation we can find a solu¬ 
tion which is not limited to the case when ujc is exceedingly 
small; it is 


Y = kcosf(k{x—ut),y, e), 

Z - kco^p(^-^^^f{k{w-ut),y,z), j- 


(14) 


where 


a = 0, 





and p 




Thus the frequency of the moving electron is greater than 
that of the stationary. We see that the expressions for the 
electric and magnetic force round the moving electron 


contain the factor cosp 


[t — this factor represents plane 


waves travelling in the direction of motion of the electron. 
The phase velocity is equal to and thus depends only on 
the velocity of the electron, and not upon the density of the 
electric charges in its sphere. The wave-length X of 
the waves is given by the equation 



or 


\u 



This is exactly the relation established by G, P. Thomson’s 
•experiments on the diffraction of electrons. We saw, equation 
{11), that if V is the phase velocity and IJ the velocity with 
which the energy travels through the medium, 


U = 


c 


2 




We have just seen that Y^zc^ju ; hence U=w, so that the 
onergy travels along with the electron. This investigation 
shows that if the electron is of the type we are considering, 
then it follows from the laws of classical electrodynamics 
that when it is in motion it will be accompanied by a train 
of waves, and that the relation between the wave-length and 
the velocity is exactly that indicated by Q. P. Thomson’s 
•experiments. The electronic waves on this view are waves 

4N 2 
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of electric and magnetic forces ; they differ from electric 
waves through the normal ether, not only in the phase 
velocity, but also in that in the electronic waves the magnetic 
force is smaller relatively to the electric than in normal 
electric waves. 

We proceed to illustrate these principles by considering 
the waves that would accompany electrons of special types. 

Take first the case when in the stationary electron the 
alternating electric force is parallel to the axis of z, so that 
the electron is polarized. The equations for the stationary 
electron are 

Z = Ao©sy>o<, Y = 0, X = 0, 
a = /3 = <y = 0. 

The energy per unit volume : the sum of the energy due 
to the electrostatic field and the kinetic energy of the moving 
charges is, by equation (12), equal per unit volume to A^/Stt. 
If the nucleus moves with uniform velocity w parallel to the 
axis of X, the electric and magnetic forces are by (14)’ 
given by 

Z = A-k cos jo Y = 0, X = 0 ; 

/S “ = 7 = 0, 

where 

^=l/\/l-J> P = ¥o- 


Thus the electric and magnetic forces are represented by 
trains of waves of constant amplitude. As in electric waves 
through the normal ether, the magnetic force is at right 
angles to the electric and proportional to it ; but in the 
electronic waves the ratio of the magnetic to the electric 
force is only ujc of the same ratio for normal electrical waves. 

The energy per unit volume due to the electrostatic field is 


Stt 


A*P cos® jt? 



From equation (13) the energy due to the moving electrified* 
systems is 
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neia is 


The energy due to the magnetic 

1 2 It 


Since PqIp^ — 1—^, we see that the mean energy due to 
c 

the electrostatic field is equal to the mean of the sums of the 
kinetic and magnetic energies. 


Symmetrical Electron. 

Another very interesting case is when the field round the 
stationary electron is defined by the equations 


X=AcospQ^ 


1 

* dx r ’ 


and consequently 


a = = 7 = 0. 


Here r is the distance from the centre of the nucleus. These 
equations represent an electric field where the distribution of 
the alternating electric force is the same as that of the steady 
electric field due to the charge on the nucleus. Thus on 
this view there is in the electron a steady radial electric force 
equal to e^jr^^ and superposed on this an alternating electric 
force also radial and also proportional to 1/r^. 

The sum of the energy per unit volume due to the electric 
field and to the kinetic energy of the electric charges in the 
sphere is, by equation (12), equal to 


dTT ^\dyr) ^\dzr) / 

= i 


The energy per unit volume due to the charge on the 
nucleus is equal to e^lSirr^. 

Thus the energy due to the charge on the nucleus and 
that due to the alternating field have a constant ratio to each 
other, and the total energy of the electron is 


2a "^2 a ’ 


where a is the radius of the nucleus. 
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The energy outside a sphere whose centre is at the nucleus 
and radius h is A*)/26. 

The Size of the Nucleus of the Electron. 

The usual way of calculating the size of the electron is from 
the equation 

Energy of the electron 

where m is the mass of the electron. If a is the radius of 
the nucleus, the energy of the electric field due to it is ^V 2 a, 
so that if the electron consisted of nothing but the nucleus, 
we should have 

^ = mQ(? or 2 a = 

ZOL 

where is the mass of a stationary electron ; this equation 
leads to the value 1*4 x cm. for a. 

When, as in the type of electron we are considering, the 
nucleus is surrounded by a sphere, the energy is not e^f^a but 
(e^ 4- so that 2a = {e^ 4 Thus for an electron 

of this kind the radius of the nucleus is greater than the 
conventional value, and if A is large compared with e it may 
be very much greater. 

Planches Co7istant. 

The energy of the electron is {e^ + A^)l2a and the time of 
vibration that of the nucleus ; this will be proportional to 
the time light takes to travel round 2 ' 7 ra, the circumference 
of the nucleus. Let it equal ^irgalc^ where 9 is a constant. 
Thus the frequency pQ^cjiirqa^ while E the energy is equal 
to (e* +A^)/ 2 a ; hence 

.7ry(e2 + A*), 
c 

so that Planck’s constant is (e^ + A^)'7rq/c, This expression 
leads to the conclusion that A must be large compared with 
c, i. e. that the greater part of the energy must be in the 
sphere. For if A were zero the value of Planck’s constant 
would be Trqe^jc^ i. e. 2*4ox lO"!?® ; the actual value is 6*65 x 
Hence we conclude that A is probably at least 100 
times or that only some 1 per cent, of the energy is due 
to the electric field of the nucleus. 

We arrive at the same conclusion from the fact that Po, the 
frequency of vibration of the nucleus, is from G. P. Thom¬ 
son’s experiments l*lxl 0 *<>; so that in the time of one 
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vibration light will travel over 3x cm. This distance 
will be comparable with the circumference of the nucleus ; so 
that a can hardly be less than 10“^^, which is about one 
hundred times the radius calculated on the assumption that 
all the energy is in the nucleus. The ‘‘sphere^’ of the 
electron is a system with a much larger number of degrees 
of freedom than the nucleus; so that if there is anything 
corresponding to equi-partition of energy, we should expect 
the sphere to contain the bulk of the energy. 

Planches Constant for Light. 

It follows as a result of G. P. Thomson's experiments 
that ft® frequency of vibration of the electron, bears to 
the energy of the electron the same, or nearly the same^ 
ratio as the frequency of a quantum of light bears to the 
energy in the quantum. With an electron of the type we 
are considering we can see some reason why this should be 
the case. For suppose that the energy E' required for a 
quantum of light is abstracted by some process from an 
electron. It seems not unreasonable to suppose that when 
the electron loses energy the loss begins at the outside and 
goes on until enough has been obtained in this way to supply 
the energy E' required for the quantum. We may thus 
imagine that the energy comes from an outer sheath of the 
electron and absorbs all the energy in the sheath. Let h 
be the internal radius of the sheaths; the energy in the 
quantum will be that in the electron between the region 
r SS5 ft and r=C3C , -f A^)/2ft. The sheath when detached 

will have a hole inside it whose radius is 6, and the time of 
its vibration will be proportional to the time light takes to 
branch over the circumference of this cavity; thus y> the 
frequency will be given by the equation p=c/27rftg'i. Hence 

E' = p[e^ + A^')qTrlc. 

Thus, on this view, the relation between the energy in the 
quantum and its frequency will be the same as for the 
electron. Though the energy in the quantum is the same as 
that in the sheath of the electron from which it is derived, 
the disposition of the lines of electric force in the quantum 
when it has settled down into a steady state will be very 
different, the lines of electric force will no longer be radial^ 
but will form closed curves, the frequency of the vibrations 
will be too small for the medium to show its super-dispersive 
properties, and the energy which was previously in the 
sheath in the form of the kinetic energy of the moving 



1272 


Sir J. J, Thomson on 

particles will become the energy due to the magnetic forces 
in the light-quantum. 


The Moving Electron, 

If an electron where the electric and magnetic forces 
when it is stationary are represented by the equations (15) 
is moving uniformly parallel to the axis with the velocity te, 
the periodic electric and magnetic forces will, by equations 
(14), p. 1267, be given by the equations 


Y = kA. cos 


/K” 

Z = kK cosp^i 



a = 0, ^= — 

“ 7 

7= 



where 

and 


= P (i*? — uty +y^+z^. 


Thus again we have a plane wave travelling in the direction 
of with the same relation between the wave-length and 
velocity as before ; the amplitude of the waves diminishes as 
the distance from the nucleus increases. 

The non-periodic forces in the electron due to the charge 
on the nucleus are given by 


X = 


(cf — ut) 

~w~~ 


J 


Y^ke 


IL 


Z= 



a 


= 0 , 




Size of the Sphere of the Electron, 

If when the electron is passing through a thin film as in 
the experiment on the diffraction of electrons, the film behaves 
like a non-dispersive ether, then the consideration of the 
separation of spectra of diflferent orders in the difEraction 
pattern will lead to an inferior limit to the size of the 
sphere of the electron. To separate these spectra will 
require a train of waves* containing not less than a certain 
number of wave-lengths. G. P. Thomson calculates from 
the separation he obtained in his experiments that the train 
of waves must have extended over at least 5xl0~^cm. 
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I£ tlie medium in the film through which the electron 
is passing is the normal ether, then this train of waves must 
be in the sphere of the electron, as this is the only 
super-dispersive medium. Thus the diameter of the sphere 
of the electron must be at least 5 x lO^^cm., and thus large 
compared with the diameter of a molecule. But if this is 
so, the assumption that the ether in the film is not dispersive, 
is not tenable. The molecules in the film contain many 
electrons, and if the spheres of these were large compared 
with the dimensions of a molecule, they would overlap; thus 
the film would be filled not with the normal ether, but 
with the super-dispersive medium of electronic spheres. 
When the moving electron enters this medium it will excite 
waves in it of frequency p, where p^kp^ is the frequency of 
the moving electron. The field equation in the whole of the 
film is of the form 

and we see that a vibration of frequence p will excite 
in this medium waves wliose length A. is given by 

_ ^ 2itc^ 

\/p^—p(i^ ““ up^k ’ 

which is the same as the wave-length of the waves accom¬ 
panying the moving electron. Since the whole of the 
metallic film is filled with the super-dispersive medium, 
there is room for a train of waves equal in length to the 
thickness of the film ; the length of the train is no longer 
determined by the size of the sphere round a single electron. 

It must be remembered, too, that the problem of deter¬ 
mining the length of the train of waves necessary to separate 
two diffraction rings produced by light is not, on the Classical 
Theory of Lights idendcal with that required to produce the 
separation for electronic waves. The rings observed with 
electronic waves mark the paths of the nuclei of the 
electrons : an electron has to remain intact, and a single 
electron cannot spread out over the whole of the region 
where diffraction theory indicates the presence of waves. 
If the chance of an electron going in any direction were 
directly proportional to the intensity of the waves travelling 
in that direction, then the conditions for separation would 
be the same for electronic as for light-waves. But it may 
be, since the two parts of the electron, the nucleus and the 
sphere through which the waves travel, have to remain 
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together, that the electron will have a special tendency to 
move in a direction in which the intensity o! the waves is sy 
metrical on either side o{ the direction in which the electron 
is moving; this direction is one along which the intensity of 
the waves is a maximum; this would make the intensity of 
a ring change more rapidly in the neighbourhood of the 
maximum than for the corresponding light-waves, and would 
increase the resolution. It would follow from this that the 
size of the sphere need not be quite so large as would be 
indicated by purely optical considerations; it must, however,. 
I think, from the result of experiments, be at least comparable 
with atomic dimensions. If this is so, then the ether inside 
an atom must be in the super-dispersive state ; and when as 
in a solid w^e have a closely-packed aggregation of molecules, 
the ether throughout the solid will also be in this state 
for vibrations of frequency comparable with The field 
equations for the electric and mairnetic force will be of the 
type 


and determine the propagation of all such vibrations through 
the medium. 

The form of the field equations, when there is an external 
electric field, depends upon whether the force exerted on an 
electron by an electric field is due to the direct action of the 
force on the negative charge of the nucleus, or whether it is 
due to the bending of the electronic waves by refraction, 
owing to the gradient in the refractive index produced by 
the electric field. 

On the first view the super-dispersive properties of the 
medium are not aflfected by the presence of an electric field. 
So that the field equations are of the form 


\da;^ ^ ) dt'^ 




Thus, to take a special case, that of an electron moving 
under the attraction of a proton, when the velocity of the 
electron is u, the frequency of the vibrations it emits is 
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and the equation becomes 



If m is the mass of the electron, R its distance from the 
proton, Eo a constant, 

|wiw*=Bo+ g, 

SO that the field equation becomes 



or approximately 

When the deflexion of the electron is due to the refraction 
of the wave the refractive index of the dispersive medium 
at the point a?, y, z is given by the equation 

where 

^ ^ ^ 

dx ’ dy ’ dz 

are the components of the force which would act on an 
electron if it were at the point z. 

The field equations when the frequency is p can be written 
in the form 

c2V^^ + 47rV/d>=0, 
or, substituting the value of /i^, 

+ 2 V/ =0. 

When the electric field is that due to a proton, V=:— 
where and the equation becomes 

The frequency is equal to 1*1 x 10^*^, the quantum of 
light for this frequency is about 500,000 volts ; hence light 



1276 


Sir J. J. Thomson on 

whose quantum is greater than this would, when it passed 
through a solid, behave as if it were travelling through a 
super-dispersive medium, i, e. its phase velocity would be 
greater than that of light; on the other hand, light whose 
quantum is considerably less than this would behave as if it 
were travelling through the normal ether. Now, among 
the 7 -rays given out by radium 0 there are some whose 
quantum is less than the critical value, others whose quantum 
is greater. We should expect these two types to behave 
differently when passing through a solid, e.g. that the 
scattering of the harder rays would not follow the same laws 
as that of the softer, a point which could be settled if we 
could measure the scattering of rays of different types. It 
is, however, difficult to get anything like a monochromatic 
spectrum of 7 -rays, so that tests of this kind would involve 
very difficult experiments. There is, however, another test 
which can be applied much more easily; the interpretation of 
the results of this test is, however, more ambiguous than 
that for the scattering test ; the test we refer to is the effect 
of electric force on the 7 -rays. We know that when an 
electric force acts upon an electron the electron is deflected. 
Is this deflexion due primarily to the deflexion of the elec¬ 
tronic waves, or is it, as on the usual theory, due to the 
action of the electric force on the negative charge on the 
nucleus? The electronic waves must always travel in the 
direction in which the nucleus is moving, so that if the path 
of the waves is altered, as in the experiments on diffraction, 
the path of the nucleus will be altered too, so that anything 
which deflected the waves would deflect the path of the 
nucleus and produce effects of the same type as would be 
produced by forces acting directly on the nucleus. The 
direction of the waves could be altered by refraction as well 
as by diffraction, and if the electric force produced a 
gradient in the refractive index of the medium, the path of 
the electronic waves would be curved like the rays in a 
mirage. If the application of an electric force X made the 
refractive index, /x, of the medium through which the 
electron is moving vary according to the law, 

dfJL 

^ mi? ’ 

then the path of the electron would, in consequence of the 
refraction of the waves, be the same as if the electron were 
acted on by an electric force equal to X. 

On this view the electric force deflects the electron 
by producing a gradient in the refractive index of the 
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super-dispersive medium which surrounds it; this bends the 
electronic waves, and they carry the nucleus along with them. 
If this view is true, the gradient in the refractive index 
would bend to the same extent as it does the electron any 
waves of the same period as the electronic waves, whether 
they were accompanied by an electron or not. The alterna¬ 
tive view is that, as in ordinary electrostatic theory, the 
electric force acts on the negative charge on the nucleus^ 
and the nucleus drags the waves along with it, since the two 
must travel in the same direction. On this view, the charge 
on the electron is essential for the deflexion, so that waves 
of the same period as the electronic waves, but not accom¬ 
panied by an electron, would not be deflected by an electric 
field. Thus, on the first view, 7 -rays of the same period as 

Fig. 1. 



electronic waves would be deflected by an electric force ; on 
the second they would not. Now, among the 7 -rays from 
radium C there are some which, since their quantum of 
energy is greater than 500,000 volts, have the same frequency 
as the electronic weaves which accompany an electron moving 
at a suitable speed. It is thus interesting to determine 
whether such 7 -ra 5 ’^s would, like the electron with its waves,. 
be deflected by electric force. We may hope to detect such 
a deflexion if it exists among some of the constituents of a 
mixed group of 7 -rays, even though we are not able to isolate* 
the various types of rays. The 7 -rays with quanta less than 
500,000 volts would not be deflected on either view. I have 
made some experiments to test the effect of electric force on 
the path of 7 -rays, using the following arrangement:— 

A, B, G, D (fig. 1 ), are four lead rectangular parallelepipeds 
4 cm. by 2 cm. by 2 cm. The surfaces of the parallelepipeds^ 
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•wiiieh face each other were carefully worked so as to be 
-smooth planes ; the inside faces of A and C were in the 
-same vertical plane, as were also those of B and D. A was 
carefully insulated from B, C, D, and B from A, C, D ; 0 
^nd D were connected with the earth so as to be at the same 
potential; A and C were connected with the terminals of 
jx dynamo giving constant potential differences up to 
h.'iOO volts ; the interval between the blocks AC and BD was 
filled by thin flat plates of a dielectric ; mica, sulphur, 
paraffin, glass, and quartz were tried; the faces of the lead 
blocks were pressed against the plate of dielectric. As some 
of the mica plates were only *3 mm. thick, electric forces up 
to 183,000 volts per centimetre could be obtained. The 
narrow space between the faces of AO and BD formed a slit 
through which could pass the y-rays from radium emanation 
-contained in a small glass vessel whose centre was on the 


Fig. 2. 



line of intersection of the planes of the horizontal slit between 
the blocks AB and CD and of the vertical slit between 
AC and BD. The rays after passing through the slit 
fell on a photographic plate, at some distance from the lead 
blocks and set so as to be at right angles to both the vertical 
and horizontal slits between the blocks. A plate of lead 
1*5 mm. thick was placed parallel to the photographic plate P 
(fig. 2 ), and about a centimetre away from it, to prevent 
/S-rays reaching the plate. The rays passing through the 
upper part of the slit between the blocks A and B (fig. 1 ) are 
subject to a very intense electric force from which those 
passing through the lower half are free. If the harder 7 -rays 
are deflected by electric force, we might expect that there 
would be a difference between the upper and lower halves of 
the image of the slit formed on the photographic plate by the 
• 7 -rays. If there were some bending, but not enough to drive 
the rays against the sides of the slit, we should expect to find 
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OQ the npper part of the plate, but not on the lower, lines 
parallel to the image of the slit, formed by rays which had 
been deflected by the electric force, as in fig. 3, while if the 
deflexion were great enough to drive the rays against the 
side of the slit, the upper half of the image of the slit would 
be fainter than the lower. 

If the bending of the path of the electron by electric 
force is due to the bending of the electronic waves, owing to 
the refractive index of the medium varying from point to 
point in an electric field, the connexion between the 

Fig. 3. 


refractive index yic and the applied electric force X is 
(see ^ Beyond the Electron ’) given by the equation 

dx mc^f2 * 

The radius of curvature p of a ray travelling through such 
a medium at right angles to the direction of a is given by 



1 1 dyi, 

p /jb dx 

1 Xe 
p p?mc^ ’ 


If p is the frequency of the waves and h Planck^s constant, 

P 
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where pfj is the critical frequency ; hence, when 


1 Xe 



If the energy of the quantum of the 7 -ray is represented 
by V volts, hp=Ye, so that 

Xp=v(l-^).(17) 

The value of V for the critical frequency po is about 
500,000 volts. The value of p given by (17) is the curvature 
of the 7 -ray in the super-dispersive medium. If the dielectric 
through which the ray is passing is not super-dispersive 
through the whole of the region, but only so in patches, the 
average value of p would be greater than this by an amount 
depending on the fraction of the volume occupied by the super- 
dispersive portion. 

In some of the experiments the thickness of mica between 
the blocks was '3 mm. and the potential difference between 
the blocks A and B 5500 volts ; thus X would be 183,000 
volts per cm. ; for the strong 7 -ray for which V=dl 0,000 
p would be 1 cm., and with this curvature a ray would be 
bent through *3 mm. and thus driven against the plate after 
passing through about 2*4 mm. As the length of the path 
in the dielectric was 40 mm., these 7 -rays would be unable 
to pass through the upper part of the slit if even a small 
fraction of the dielectric were super-dispersive. 

The first experiment I tried was one where the 7 -rays 
passed through a plate of mica 1 mm. thick exposed to a 
potential difierence of 5500 volts. With an exposure of 12 
hours I obtained a photograph of the type of fig. 3. There 
was the direct image of the slit with the upper and lower 
portions in the same straight line, and in the upper half of 
the photograph where the rays had been exposed to the 
electric field there were two lines parallel to the slit, the de¬ 
flexion from the direct image being in the direction in w^hich 
electrons going through the slit would be deflected. There 
were no such lines in the lower part of the photograph w^here 
the rays had not been exposed to electric force. This seemed 
very convincing proof that the electric force did produce a 
gradient in the refractive index, and that the deflexion of 
electrons by electric force was due to the bending of the 
electronic waves, and not to the direct action of the electric 
force on the nucleus. 
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However, ns the result of further experiments, I have come 
to the conclusion that the results obtained in the first 
photograph could not have been due to the cause we are 
considering ; for, on trying the experiment with sulphur for 
the dielectric instead of mica, I got nothing but the direct 
image of the slit. There were no parallel bands in either the 
upper or lower portions of the photograph. Again, I got no- 
evidence of such bands with paraffin-paper, with glass, or 
with quartz, varying the strength of the electric field from 
5000 to 1200 volts. Nor on trying mica again could I get 
the etfects I had observed with the mica plate i had used at 
first. Being unable to get the bands, I tried if I could get 
any evidence of any difference in intensity between the parts 
of the direct image of the slit formed by rays which had 
passed through the electric field and those which had not, 
using a plate of mica *8 mm. thick and a potential difference 
of 5500 volts. This, as the calculation given above shows, 
would drive all the harder of the 7 -rays against the sides 
of the slit and thus prevent them from getting through. I 
got with an exposure of 12 hours a very clear and well-defined 
image of the slit, but I could not detect any difference 
between the upper part formed by y-rajs exposed to electric 
force and the lower part formed by rays which bad not been 
exposed. 

Thus the majority of the experiments favour the view that 
the electric force acts directly on the nucleus, and not by 
deflecting the waves 

I am much indebted to Dr. Chadwick and Dr. Ellis for 
advice and information on radioactive experiments, to 
Mr. Crowe for the preparation of the radium emanation, and 
to my assistant, Mr. Everett, for help in the experiments. 


^ Since the above was in type I have seen a paper by A. Joff«§ {Ann, 
der Phys. Ixxii. p. 461 (1923)) in which he describes some experiments^ 
which may modify this conclusion. He shows that when a plate of 
dielectric "between electrodes is exposed to steady electric forces the 
drop in potential in many cases, though not in all, occurs quite close to the 
electrodes, and that the electric force may be very small, except in layers 
of almost molecular thickness next the electrodes. In my experiments 
it is possible that it was only in my first experiment that there was any 
considerable electric force between the plates, and that in the others it 
was confined to the immediate neighbourhood of the electrodes. I hope 
to make further experiments on this point. 


4 O 


FhiL Mag. 8. 7. Vol. 6. No. 40* Dec. 1928. 



[ 1282 J 


(yXXlI. Note on Raman Lines under High Dispersion. 
BgFvoL R. W. WooD^. 

[Plate XXIX.] 

INCE the publication of my first paper on the Raman 
eflFect (Phil. Mag., Oct. 1928), I have photographed 
the spectra scattered by benzol and carbon tetrachloride 
with a 6-inch plane grating combined ^^ith a lens of 
3-metres focus. Small portions of the spectra are repro¬ 
duced on Plate XXIX. Fig. 2 shows the Raman line 
4554*87 of benzene (wave-length determined from this 
photograph), together with the comparison spectrum of iron. 
The width of the line scattered by the liquid^ benzene 
excited bv Hg 4358 is not much over half an Angstrom 
unit in this case. Most of the other lines are wider 
(1 to 2*5 A.). The one at 4618, excited by the mercury 
line 4046, which in my earlier photographs resembled a 
uarrow band sharp and strongmen the red side, turns out to 
be strong line about 1 A. wide, with a fainter line, 
2*5 A. wide, close to it on the violet side. The wave-lengths 
of the strongest lines determined from the grating photo- 
grapl) are as folllows :— 

4686-74 
4682-11 
4659-30 
4618-36 

Fig. 1 of Plate XXIX. shows a portion of the spectrum 
^scattered by carbon tetrachloride, the three broad lines 
marked R being the strong triplet on the red side of 
Hg 4358 shown in the photograph accompanying the earlier 
paper. The scale of enlargement of this photograph is only 
about one half of that of the^ lower photograph, the width 
of the lines being about 2 Angstrom units. One of the 
ghosts of the 4358 mercury line appears at the left of 
the photograph. 

I feel disposed to think that such high resolving powers 
are quite unnecessary, owing to the considerable width 
of most of the lines. That some of them are as narrow 
as they are is very surprising. The ran^e of frequencies 
oomprised within the 4554 87 line (0*5 A.U. wide) when 
translated into the frequency range of the corresponding 

♦ Communicated by the Author. 
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infra-red absorption band gives a band enormously narrower 
than the band observed by Ooblentz near 10 fi. 

Attention should be drawn to an error in the placing of 
the figures in my earlier paper. The mercury arc of fig. 2 
was originally drawn just above and close to the water-cooled 
tube of fig. 1, 

Johns Hopkins University, 

Baltimore. 


OXXIII. The Hall Effect in Galena and Molybdenite. By 
C. W. Heaps, Ph.JD.^ Professo7^ of Physics^ The Rice 
Institute^ Bonstony Texas ^. 

T he Hall coefficient in plates cast from molten lead 
sulphide has been found by van Aubel f to be negative 
and small compared with the coefficient for bismuth. A. W. 
Smith on the other hand, has found in a natural crystal 
of lead sulphide a value of —251 for this coefficient. 
L. L. Campbell § intimates that the discrepancy between 
the two results may be due to differences of crystalline 
structure. 

The writer has performed some experiments on this sub¬ 
stance and on molybdenite, and has come to the conclusion 
that impurities probably exert a big influence on the pheno¬ 
menon in lead sulphide. 

The apparatus was of the usual type, the Hall e.m.f. being 
balanced by a potentiometer. A Weiss electromagnet with 
pole-pieces 10 cm. in diameter and 1’315 cm. apart was 
used for producing the magnetic field. The field-strength 
was measured with a fluxineter calibrated in the usual way 
by means of a standard of mutual inductance. 

In determining the Hall coefficient observations of the 
-e.m.f. were made for both directions of magnetic field and 
the mean taken as the correct result. Disturbing thermo- 
magnetic effects were considered negligible for the following 
reason:—A magnetic field of about 10,000 gauss was allowed 
to act constantly on a specimen, the galvanometer circuit 

♦ Communicated by the Author, 
t E. van Aubel, P%5. ZtiU, iv. p. 651 (1903). 

X A. W. Smith, Phys. Pev. i. p 339 (1913). 

§ L. L. Campbell, * Galvanomagnetic and Tbermomagnetic Effects,’ 
p. 63, 
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being left open, and the primary current allowed to flow for. 
about a minute. The primary current was then broken and 
immediately the galvanometer circuit closed. The resulting 
deflexion^ which must have been due to residual thermo¬ 
electromotive forces, was, in the case of all the specimens 
examined, too small to affect materialh’^ the value of the 
Hall coefficient. 

head Sulphide ,—Four different specimens have been 
investigated. The first specimen was cut from a group of 
large cubic crystals of galena obtained from Joplin, Missouri^ 
Cleavage planes were well developed in this specimen, but 
grinding and polishing revealed the presence of imper¬ 
fections and irregularities due to tilting of small plane areas. 
The dimensions of the plate were 1*5 x 0*8x0*229 cm , and 
its sides and edges were parallel to the respective natural 
cleavage planes of the crystal. 

Electrical connexions were made by copper-plating and 
soldering with Wood^s metal. The specific resistance of this 
specimen was found to be approximately 0 037 ohm-cm. 
The Hall e.m.f. was proportional to the magnetic field up to 
field-strengths of 12,000 gauss, and the average value of 
the Hall coefficient was found to be —108'3. 

The second specimen was cut from the same crystal group 
as the first. Its dimensions were 1*0 x 0*407 x 0*28 cm., and 
the plate was cut so that its plane was approximate!}" perpen¬ 
dicular to the trigonal axis of the crystal. The value of the 
Hall coefficient for this specimen was found to be the same,, 
within experimental error, as for the first specimen. Thus 
the conclusion may be drawn that the Hall coefficient in 
galena is independent of the orientation of the crystal axis. 
A similar conclusion has been reached by Wold^ for the 
cubic crystals of iron. 

The third specimen was a crystal conglomerate made by 
fusing a mixture of lead and sulphur till chemical com¬ 
bination occurred. The specific resistance was 0*0012 and 
its Hall coefficient less than 0*008. It appears probable 
that some uncombined lead was present in the crystalline 
mass, otherwise the above results are difficult to explain. 

The fourth specimen was from a very perfect crystal of 
unknown origin. Cleavage planes were mirror-like. Some 
slight difficulty was encountered in securing a flat plate 
because of the readiness of the crystal to split along any of 
three mutually perpendicular directions. The dimensions 


^ P. I. Wold, Phys. Her. xxxi. p. 1116 (1928). 
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of the plate used were 0*197 x 0*305 x 0*831 cm., and its 
specific resistance was 1*76 ohm-cm. 

The Hall coefficient of this specimen was independent of 
field-strength up to 12,000 gauss, was positive in sign, and 
had the exceptionally large value -h4802. 

The remarkable difference in the Hall coefficients of the 
two crystals of galena exafiiined is probably due to impurities. 
This mineral is known to have various impurities, such 
as silver, zinc, selenium, cadmium, bismuth^ antimony, etc., 
and the proportions present appear to vary with the 
locality from which the crystals are secured. The specific 
gravity of specimen No. 1 was 7*2, that of No. 4 was 7*4. 
The first specimen was slightly pitted, and this fact may 
explain the difference of observed specific gravities. The 
resistivity of specimen No. 4 was much greater than that of 
No, 1. In view of Kapitza^s work * on bismuth crystals we 
may expect a high resistance to be associated with transverse 
oleavjige planes, such planes apparently having a tendency 
to produce incipient cracks. Under the blow-pipe each of 
the above crystals fused in similar fashion, yielding sul¬ 
phurous fumes and a globule of metallic lead. 

Molybdenite .—A thin place, of dimensions 1*0 X 2*0 X 
0*035 cm., was cut from a foliated sheet of the mineral. 
Side arms 0*6 cm. long were left on the plate for the attach¬ 
ment of the Hall terminals. The resistance of the plate was 
418 ohms. Using a primary current of 5 milliamperes the 
Hall e.m.f. was found to be proportional to the field up to 
12,000 gauss, and the average of the Hall coefficient was 
— 1907. 


Adiabatic and Isothermal Coefficients .—Gottstein t has 
observed for the adiabatic Hall coefficient in molybdenite a 
value, Ila=—3030, from which he calculates by the formula 
of Guns t the isothermal coefficient of R,== —1520. As the 
result of a number of experiments on molybdenite the writer 
has come to the conclusion that there is not much difference 
between the values of the two coefficients. The adiabatic 
coefficient is supposed to be obtained when the transverse 
temperature gradient, which results from interaction of 
magnetic field and electric current, is allowed to develop. 
This phenomenon, the Ettingshausen effect, is, according to 

* Kapitza, Proc. Roy. Soc. cxix. p. 368 (1928). 

t G. Gottstein, Ann, d, Phys. xliii. p. 1079 (1914). 

X R. Gans, Ann. d, Phys. xx. p. 293 (1906). 
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G-ottstein, quite large in molybdenite. In the present 
experiments, therefore, a transverse temperature gradient 
should be set up by the magnetic field. An appreciable 
time must be required for this gradient to reach its maximum 
value, so that if Ra is much larger than Rj then the apparent 
Hall effect should increase with the time after excitation 
of the magnet. In other words, the initial Hall effect is iso¬ 
thermal, and the adiabatic is approximated only after an 
appreciable time interval. If Gottstein’s values for R„ and 
Rf are correct the apparent Hall effect should increase, while 
the temperature gradient is being set op, to about double its 
initial value. No such large increase could be observed in 
the present experiments with molybdenite, though it was 
specially sought for in the following way:—The adiabatic 
Hall e.m.f. was balanced carefully by adjusting the potentio¬ 
meter. Switches in both the Hall circuit and the primary 
circuit were then opened and the specimen allowed to remain 
several minutes in the magnetic field without carrying any 
current. A uniform temperature was thus secured. The 
switch in the primary circuit was then closed and immediately 
afterwards (within a small fraction of a second) the switch 
in the Hall circuit. A small deflexion of the galvanometer 
resulted, and in about 15 seconds this deflexion became 
practically zero. From the value of the initial small 
deflexion if. was calculated that the isothermal Hall coeflScient 
was about 6 per cent, smaller than the adiabatic. Gottstein 
calculated it to be almost half as large. 

The same type of experiment with galena showed the 
adiabatic and isothermal coeflflcients not to differ by more 
than 2 per cent, in this mineral. 

Summary. —The chief points of interest which have been 
brought out are (1) galena and molybdenite crystals exhibit 
a very large Hall effect; (2) the magnitude of the Hall 
coefficient in the cubic crystal of galena does not appear to 
depend on the orientation of crystal axes; (3) impurities 
probably exert a very great influence on the Hall effect in 
lead sulphide, apparently even changing the coeflScient from 
a large negative to a large positive value ; (4) the difference 
between the adiabatic and the isothermal Hall effects appears 
to be small in these minerals. It is appreciable in moly¬ 
bdenite but by no means as great as Gottstein has calculated. 
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CXXIV. JNotice respecting Neio Book, 


A. OompreTiensive Treatise on Inorganic and Theoreticfd Chemistry. 
Bj J. W. Mellor, D.Sc., KE.S. Vol. VIII. [Pp. x + lHO, 
with 1 o6 diagrams.] (London: Longmans, Green & Co., 1928. 
Price 63^. net.) 


eighth of the thirteen volumes of which Dr. Mellor’s 
‘ Comprehensive Treatise ^ will consist is devoted to nitrogen 
and phosphorus. The treatment is along lines similar to that in 
the earlier volumes, which have received notice in these pages, and 
a detailed review is therefore unnecessary. It may be stated, 
however, that the latest volume to be issued fully maintains the 
high standard of its predecessors, in its completeness, in the care 
which has been devoted to the smallest detail, in the numerous 
diagrams and tabulation of data, and in the valuable lists of 
references to original publications. About one-eighth part of the 
whole volume is occupied by these references, and the fact that 
many bear the date 1927 is an indication that the author has 
included the results of the most recent original work. A detailed 
index, extending to 30 pages, increases the value of the volume 
for reference purposes. Dr. Mellor’s ‘ Treatise ^ will undoubtedly 
become the standard work of reference on all matters pertaining 
to inorganic or theoretical chemistry. 


EDITORIAL NOTE. 

Acoustics of Strings struck by a Hard Hammer. 

In reference to Messrs. Das and Datta’s note on this subject in 
our September number (p. 479), Messrs. K. C. Kar and S. C. Laha 
have written stating that they do not consider that slipping at 
the bridge is the cause of the irregular and wide discrepancies 
between the observed and the calculated values of the amplitudes; 
and further, that their own observed value of the displacement 
at the centre agrees quite well with the value calculated from 
Haufmann's theory. In regard to a paper by Prof. Raman and 
Dr. Banerji which is cited against them, they call attention to a 
paper by one of them in the Phil. Mag. for August 1926, where 
the results arrived at in that paper are shown to be incorrect. 
They also refer to their previous paper for their objections to the 
limits which Datta takes in his pressure integral. The unit of 
momentum in their own paper should have appeared as a 
gramme-weight second.” 

[77/^ Kditors do not hold themselves responsible for the 
views expressed by their correspondents.^ 
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Films,on the photoelectric properties 
of thin, of the alknli metals, 633. 

Fleming (A. J.) on the graphical 
representation of the stimulation 
of the retina by colours, 337. 
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Fluorescent liquids, on auti-Stokes 
radiation of, 310. 

Forbidden line 26f56 in the optical 
excitation of mercury, on the, 
271. 

Fox (Dr. C.) on the potential 
function due to certain plane 
boundary distributions, 994. 

Galena, on the Hall edect in, 1283. 

Gamma rays, on ionization measure¬ 
ments of, 745. 

Gaseous mixtures, on selective 
adsorption from, by mercury, 422. 

Gases, on a new method of deter¬ 
mining- the mobility of ions or 
electrons in, 210; on the equation 
of state of perfect, 743; on the 
existence of aggregates of active 
deposit atoms in, containing radon, 
685 ; on the electric arc in, 811. 

Gaviola (Dr. E.) on the factors 
governing the appearance of the 
forbidden line 2656 in the optical 
excitation of mercury, 271; on 
the power relation of the intensi¬ 
ties of the lines in the optical 
excitation of mercury, 352, 1164 ; 
on the influence of foreign gases on 
the optical excitation of mercury, 
1167 ; on the photosensitized band 
fluorescence ol OH, HgH, NH, 
H 2 O, and NH3 molecules, 1191. 

Geological Society, proceedings of 
the, 943, 1069. " 

Gillam (A. E.) on the deterioration 
of quartz mercury vapour lamps 
and the luminescence of fused 
quartz, 1123. 

Gold, on the atomic scattering 
power for X-rays fn^m, for On Ka 
radiation, 178; on the electrical 
conductivity of amalgams of, 
1231. 

Greens lemma, on, 241. 

Hall effect in galena and molybden¬ 
ite, on the, 1283. 

Hamilton-Jacobi’s differential equa¬ 
tion in dynamics, on, 229, 320. 

Harkins (Prof, W. D.; on the 
separation of isotopes and the 
separation of mercury by evapora- 
tive-diftusion, 601, 

Harmonic coefficients, on the best 
correction factors for, 824. 

Harmonics, on spheroidal, as hyper- 
geometric functions, 1117. 


Harrington ('Prof. E. L.) on the 
existence of aggregates of active 
deposit atoms in gases containing 
radon, 685. 

Heaps (Prof. C. W.) on the Hall 
eflect in galena and molybdenite^ 
1283. 

Heartbeat cimsidered as a relaxation 
oscillation, on the, 763. 

Heat, on the steady flow of, in a 
rectangular parallepiped, 305 ; on 
the flow of, through an insulating 
wall, 567; on the escape of, from 
an harmonically oscillating hot 
wire, 945; on the huckhng of a 
thin circular plate by, 1217. 

-radiation from the inside of a 

circular cylinder, on the, 447. 

Heaviside^s formulae for alternating 
currents in cylindrical wires, on, 
842. 

Hoare (F. E.) on the Stefan-Boltz- 
mann radiation constant, 828. 

Howland (R. C. J.) on a type of 
determinantal equation, 839. 

Hydrogen, on new hands in the 
secondary spectrum of, 466; on 
the continuous spectrum of, 807; 
on the energy'- losses of electrons 
in, 889. 

Hypergeo metric functions, on sphe¬ 
roidal harmonics as, 1117. 

Ignition, on spark, 1090. 

Impedances, on screened, 788. 

Ince (Dr. E. L.)on Mathieu functions 
of stable type, 547. 

Infra-red radiation, on the polariza¬ 
tion of, by calcite, 88. 

Insulating oils, on the direct current 
conductivity of, 369. 

Iodine bauds, on optically excited, 
with alternate missing lines, 231. 

Ionization, on reversible, of electro¬ 
lytes, 50; on multiple, and the 
absorption of X-rays, 64. 

-measurements of gamma rays, 

on, 745. 

Ions, on a new method of determin¬ 
ing the mobility oP, in gases, 210; 
on the influence of the solyent on 
the mobility of electrolytic, 258. 

Iron, on the K X-ray absorption edge 
of, 910 ; on the magnetic proper¬ 
ties of salts of, 481. 

Isomers, on the magnetic susceptibi¬ 
lities of electronic, 217. 
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Isotopes, ou the separation of, 
601. 

Jaeger (J. C.) on the motion of elec¬ 
trons in pentane, 1107. 

Jaegers method as applied to de¬ 
termine the surface tension of 
mercnrv, on, 1044. 

Jones (Prof. E. T.) on spark ignition, 
1090. 

Jones (H.) oil the energy losses of 
electrons in hydrogen, fe9. 

K X-ray absorption edge of iron, 
on the, 910. 

Kar (Dr. K. C.) on the theory of the 
pianoforte string, 276. 

Kenrick (Dr. G. W.) on radio trans¬ 
mission formulse, 289. 

Kinematic pairs and links in a 
mechanism, on, 631. 

Kleeman (Dr. R. D.) on chemical 
interactions, 19o, 648; on the 
equation of state of a perfect gas, 
743. 

Lags in discharge, on the measuring 
of, 312. 

Lattey (R. T.) on the influence of 
the solvent on the mobility of 
electrolytric ions, 258. 

Lead, on the effect of cadmium on 
the conductivity of, 678. 

-sulphide, on the Hall effect in, 

1283. 

Light, on the scattering of, in 
liquids, 204; on the amount of uni¬ 
formly diffused, passing through 
a cube, 1019. 

Lindsay (G. A,) on the K X-ray 
absorption edge of iron, 910. 

Links, on kinematic pairs and, 681. 

Liquids, on light-scattering in, 204; 
on anti-Stokes radiation of fluor¬ 
escent, 310. 

Lonsdale (Dr. K.) on the anistropy 
of the carbon atom, 433. 

Loomis (Prof. K W.) on optically 
excited iodine bands with alter¬ 
nate missing lines, 231. 

Lossev (O. Y.) on the luminous 
carborundum detector, 1024. 

Lowry (H. V.) on the magnetic 
energy of permanent magnets and 
of linear currents, 3 92. 

Lowry (Prof.T. M.) on the electronic 
theory of valency, 50. 

MacCallum (S. P.) on the electrical 
properties of neon, 857. 


McDiarmid (Miss A. W.) ou the 
electrification of air l)y friction, 
1182. 

McGee (Dr. J. D.) on the capture of 
electrons by molecules, 1073; on 
the motion of electrons in pentane, 
1107. 

Machine design, on electrical, involv¬ 
ing elliptic functions, 100. 

McLennan (Prof. J. C.) on the Zeeman 
resolution of the i»xygen spectral 
line at \ 5577 i.., 55S ; on the 
electrical conductivity of arsenic 
and antimony at low temperatures, 
666; on the resistance of caesium, 
cobalt, and chromium at low tem¬ 
peratures, 672; on the effect of 
cadmium as an impurity on the 
conductivity of lead, »i78. 

McLeod (J. H.) on the Zeeman 
resolution of the oxygen spectral 
line at \ 5577 A., 558. 

Magnetic field, on the, of a rectilinear 
circuit, 205. 

-studies on salts, 481. 

-susceptibilities, on the, of elec¬ 
tronic isomers, 217. 

Magnets, on the magnetic energy of 
permanent, 192. 

Mahsjani (G. S.) on Hamiltou- 
Jacobi’s differential equation in 
dynamics, 320. 

Manganese and arsenic, on a ferro¬ 
magnetic compound of, 593. 

van der Mark (J.) on the heartbeat 
considered as a relaxation oscilla¬ 
tion, 703. 

Martyn (D. F.) on frequency vari¬ 
ations of the triode oscillator, 
223. 

Mass action, on the constant of, 195, 
648. 

Matbieu functions of stable type, on, 
547. 

Mathur (R. N.) on the magnetic 
susceptibilities of electronic iso¬ 
mers, 217. 

Maxwell (R. S.) on the escape of 
heat from an harmonically oscilla¬ 
ting hot wire, 945. 

Mechanism, on kinematic pairs and 
links in a, 631. 

Meksyn (D.) on the dynamics of an 
electron, 977. 

Menzies (Prof. A. C.) on reversals in 
the arc-spectrum of nickel, 1210. 
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ercury, on the forbidden line 2656 
in the optical excitation of, 271; 
on the power relation of the 
intensities of the lines in the op¬ 
tical excitation of, 352, 1154; on 
selective adsorption from gaseous 
mixtures by, 422; on the surface 
tension of, 510,1044; on the separ- 
ati'tn of, by evaporative-diffusion, 
601; on the crystal structure of, 
1055; on the influence of foreign 
gases on the optical excitation of, 
1167. 

-hydride, on the photosensitized 

band fluorescence of, 1191. 

-vacuum interface, on the adsorp¬ 
tion of the alkali metals on a, 775. 

-vapour lamps, on the deterior¬ 
ation of, 1123. 

Metals, on the surface tension of 
liquid, 510 ; on the photoelectric 
properties of thin films of the 
alkali, 633; on the adsorption of 
the alkali, on a mercury-vacuum 
interface, 775; on the electrical 
conductivity of, 965. 

Microscopic resolution, on a method 
for extending, 356. 

Mitchell (fir. G. H.) on the Borrow- 
dale volcanic series in Westmor¬ 
land, 1069. 

Molecular cohesion, on, 695. 

Molecules, on the capture of elec¬ 
trons by, 1073. 

Molybdenite, on the Hall effect in, 
1283. 

Molybdenum, on the intensity dis¬ 
tribution of the X-radiation from, 
1008. 

Mortimer (Ur. B.) on the separation 
of isotopes and the separation of 
mercurv' bv evaporative diffusion, 
601. 

Morton (K. A.) on the deterioration 
of quartz vapour lamps and the lu¬ 
minescence of fused quartz, 1123. 

Morton (Prof. W, B.) on the pene¬ 
tration of an electric field through 
wire-gauze, 795. 

Muruaghan (Prof. F. D.) on the 
theory of wave filters containing 
a finite number of sections, 146 ; 
on the application of tensor analy¬ 
sis to physical problems, 779. 

Neon, on the electrical properties of, 
857. 


Newman (Prof. F. H.) on the con¬ 
tinuous spectrum of hydrogen, 
807; on the electric arc in gases 
at low pressures, 811, 

Nickel, on reversals in the arc- 
spectrum of, 1210. 

Nitrogen, on active, 335; on the 
velocity of sound in, 920. 

-hydride, on the photosensitized 

band fluorescence of, 1911. 

Niven (0. U.) on the crystal structure 
of calcium, 665; on the electrical 
conductivity of arsenic and anti¬ 
mony at low temperatures, 666 ; 
on the resistance of caesium,, 
cobalt, and chromium at low 
temperatures, 672; on the effect 
of cadmium as an impurity on the 
conductivity of lead, 678. 

Observations, on quantum theory 
and the analysis of, 801 

Ogawa(W.) on the analogy between, 
the crystal detector and a vacuum, 
tube, 175. 

Oils, on the direct current conduc¬ 
tivity of insulating, 369. 

Oliphant (M. L.) on selective ad¬ 
sorption from gaseous mixtures by 
a mere my surface, 422. 

Operational methods, on an example 
of, 992. 

Oxygen, on the paramagnetism of,. 
659; on the velocitv of sound in, 
920. 

-hydride, on the photosensitised 

band fluorescence of, 1191. 

- spectral line at X 5577 A., on. 

the Zeeman resolution of the, 
558. 

Parallelepiped, on the steady flow of 
heat in a, 305. 

Partington (Prof. J. R.) on the 
velocity of sound in air, nitrogen,^ 
and oxygen, 920. 

Pentane, on the motion of electrons 
in, 1107. 

Phosphorescence of fused quartz, on. 
the, 1104. 

Photoelectric effects, on the appli¬ 
cation of a valve amplitier to the 
measurement of, 324. 

- emission from potassium, on 

the complete, 1. 

Photosensitized band fluorescence of 
OH, HgH, NH, H 2 O, and NH^ 
molecules, on the,. 1191. 
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Physical problems, on a method of 
calculation suitable in certain, 98; 
on the application of tensor 
analysis to, 779. 

Pianoforte string, on the theory of 
the, 276. 

Fiercy (Dr. N. A. V.) on the vari¬ 
ation of velocity amplitude near 
the surface of a cylinder in a 
viscous fluid, 970. 

Plate, on the buckling of a thin 
circular, by heat, 1217. 

Point discharges, on the ultra-violet 
radiations emitted by, 526. 

van der Pol (Dr. B.) on the heart¬ 
beat considered as a relaxation 
oscillation, 763. 

Potassium, on the complete photo¬ 
electric emission from, 1; on the 
photoelectric thresholds of, 352. 

Potential function due to certain 
plane boundary distributions, on 
the, 994. 

Predischarges, on the investigation 
of, 854. 

Press (Prof. A.) on the quantum 
theory and Schrodinger’s equation, 
33. 

Quantum theory on the classical 
reasonableness of the, 33; on the, 
and the analysis of observations, 
801. 

Quartz, on the phosphorescence of 
fused, 1104; on the luminescence 
of fused, 1123. 

-fibre electrometer, on a, 458. 

- resonator, on formulae for the 

constants of the electrical circuit 
of a, 1140. 

Padiation from the inside of a cir¬ 
cular cylinder, on the, 447 ; on the 
Raman spectra of scattered, 729, 
1282. 

-constant, on the determination 

of the Stefan-Boltzmann, 828. 

Radio balance, on the (IJallendar, 
828. 

-transmission formulae, on, 

289. 

Radon, on the determination of the 
volume of 1 curie of, 17 ; on the 
existence of aggregates of active 
deposit atoms in gases containing, 
685. 

Kaman spectra of scattered radiation, 
on the, 729,1282. 


Rectilinear circuit, on the magnetic 
field of a, 205. 

Refraction, on the effect of, on elec¬ 
tron diffraction, 939. 

Relaxation oscillation, on the heart¬ 
beat considered as a, 763. 

Relton (F. E.) on the buckling of a 
thin circular plate by heat, 1217. 

Resonator, on formulae for the con¬ 
stants of the electrical circuit of a, 
1140. 

Retina, on the graphical repre¬ 
sentation of the stimulation of the, 
by colours, 337. 

Richardson (Dr. E. G.) on the varia¬ 
tion of velocity amplitude near the 
surface of a cylinder in a viscous 
fluid, 970. 

Richardson (Dr, L. F.) on the 
amount of light that will pass 
through two apertures in a cube, 
1019. 

Richtmyer (Prof. F. K.) on multiple 
ionization and the absorption of 
X-rays, 64. 

Rocard (Dr, Y.) on tlie theory of 
light-scattering in liquids, 204. 

Rose (Dr. D. 0.) on the reflexion of 
electrons from an aluminium crys¬ 
tal, 712. 

Ruark (Dr. A. E.) on active nitro¬ 
gen, 335. 

Ruedy (Dr. R.) on the Zeeman 
resolution of tjm oxygen spectral 
line at ^ 6577 A., 558. 

Salts, magnetic studies on, 481. 

Schofield (K. H.) on the heat- 
flow through an insulating wall, 
567.^ ^ 

Schrodinger^s equation, on simple 
operative solutions of, 33. 

Screened impedances, on, 788, 

Selby (F. J.) on the quantum theory 
and the analysis of observations, 
801. 

Shilling (Dr. W, G.) on the velocity 
of sound in air, nitrogen, and 
oxygen, 920, 

Silver, on the atomic scattering 
power of X-rays from, for Cu K« 
radiation, 178; on the X-ray 
analysis of alloys of, and alu¬ 
minium, 280. 

Solvent, on the influence of the, on 
the mobility of electrolytic ions, 
258. 
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Sound, on the velocity of, in air, 
nitrogen, and oxygen, 920. 

Spark ignition, on, 1090. 

Spectj-a, on the Raman, of scattered 
radiation, 729,1282. 

Spectrum, on new bands in the 
secondary, of hydrogen, 466; on 
the continuous, of hydrogen, 807 ; 
on reversals in the arc-, of nickel, 
1210. 

Spheroidal harmonics as hypergeo- 
metric fonctions, on, 1117. 

Stefan - Boltzmann radiation con - 
stant, on the determination of 
the, 828. 

Stereochemistry, on, 659. 

Strings, on the acoustics of, struck 
by a bard hammer, 479, 1287. 

Surface tension, on the, cf mer¬ 
cury, 510; on Jaeger’s method as 
applied to the determination of, 
1044. 

Synge (E. H.) on a method for 
extending microscopic resolution, 
856. 

Taylor (Dr, A. M.) on the polariza¬ 
tion of infra-red radiation by 
cal cite, 88. 

Taylor (H. W.) on problems in 
electrical machine design involving 
elliptic functions, 100. 

Temperature, on a method of deter- 
ming the absolute zero of, 318. 

Tensor analysis, on the application 
of, to physical problems, 779. 

Terrev (H.) on the crystal structure 
of "mercury, copper, and copper 
amalgam, 1055. 

Thomson (Prof. G. P.) on the effect 
of refraction on electron difiraction, 
989. 

Thomson (J.) on the ultra-violet 
radiations emitted by point dis- 
cbareres, 526. 

Thomson (Sir J. J.) on electronic 
waves and the electron, 1254. 

Tomkeieff (S. I.) on the volcanic 
complex of Calton Hill, 1072. 

Tomkins (J. A.) on the magnetic 
field of a rectilinear circuit and 
the attraction of a straight wire, 
205. , ^ 

Tomlinson (G. A.) on molecular 
cohesion, 695. 

Townsend (Prof. J. S.) on the 
electrical properties of neon, 857. 


Treloar (L. R. G.) on the intensity 
distribution of the X-radiation 
from molybdenum, 1008. 

Trey (Dr. F.) on the investigation of 
predischarges, 854. 

Triode oscillator, on the frequency 
variations of the, 223. 

Tyrrell (Dr. G. W.j on the analcite- 
syenites of Ayrshire, 943. 

Ultra-microscopic region, on a me¬ 
thod for extending microscopic 
resolution into the, 356. 

Ultra-violet radiations emitted by 
point discharges, on the, 525. 

Valency, on the electronic theory of, 
50. 

Valve amplifier, on the application 
of a, to the measurement of X- 
ray and photoelectric effects, 324. 

Van der Giaaff (R. J.) on a 
method of determining the mo- 
hilitv of ions or electrons in gases, 
210 ." 

Velocity amplitude, on the variation 
of, ill a vivscous fluid, 970. 

Vigoureiix (P.) on lormulse for the 
constants of the electrical circuit 
of a quartz resonator, 1140. 

Viscous fluid, on the variation of 
velocity amplitude in a, 970. 

Voorhees (H. R.) on the K X-ray 
absorption edge of iron, 910. 

Walker (Prof. W. J.) on the re¬ 
lation between kinematic pairs 
and links in a mechanism, 631. 

Wall, on the heat-flow through an 
insulating, 567. 

Water, on the photosensitized hand 
fluorescence of, 1191. 

Waterman (Prof. A. T.) on the 
electrical conductivity of metals 
as a iunction of pressure, 965. 

Wave filters containing a finite 
number of sections, on the theory 
of, 146. 

Welo (L. A.) magnetic studies on 
salts, 481. 

Wertenstein (Prof. L.) on a method 
of determination of the volume 
of 1 curie radon, 17. 

W'estgren (Prof. A. F.) on the 
X-ray analysis of silver alumin¬ 
ium alloys, 280. 

Wheeler (H. A.) on the theory of 
wave filters containing a finite 
number of sections, 146. 
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Whiddiagton (Prof. R.) on the 
energy losses of electrons in hy¬ 
drogen, 889, 

Wilhelm (J. O,) on the electrical 
conductivit}" of arsenic and anti¬ 
mony at low temperatures, 666; 
on the resistance of csesium, co¬ 
balt, and chromium at low tem¬ 
peratures, 672; on tile elFect of 
cadmium as an impurity on the 
conductivity of lead, 678. 

Williams (T. 0.) on the electrical 
conductivity of liquid amalgams 
of gold and copper, 1231. 

Wilmotte (R. M.) on screened im¬ 
pedances, 788. 

Wire gauze, on the penetration of 
an electrical held through, 796. 

'Wires, on the attraction of straight, 
205; on Heaviside's formulae for 
alternating currents in cylindrical, 
842 ; on the escape of heat 
from harmonically oscillating hot, 
945. 

Wood (Prof. R, W.) on optically 
excited iodine bauds with alter¬ 
nate missing lines, 231 ; on the 
factors governing the appearance 
of the forbidden line 2656 in the 
optical excitation of mercury, 271; 
on anti-Stokes radiation of fluor¬ 
escent liquids, 310 ; on the power 
relation of the intensities of the 
lines in the optical excitation of 
mercury, 352; on the Raman 
spectra of scattered radiation, 729, 
1282; on the photosensitized band 


tiuoresoence of OH, HgH, NH,. 
H 2 O, and NHs, molecules, 1191. 

'Woodrow (D. X W.) on the phos¬ 
phorescence of fused quartz, 
1104. 

Wright (C. M.) on the crystal struc¬ 
ture of mercury, copper, and cop¬ 
per amalgam, 1056. 

Wrinch (Dr. D. M.) on spheroidal 
harmonics as hypergeometric func¬ 
tions, 1117. 

Wynn-Williams (C. E.) on the 
application of a valve amplifier to 
the measurement of X-ray and 
photelectric effects, 324. 

X-ray absorption spectrum of iron, 
on the, 910. 

- analysis of silver aluminium 

alloys, on the, 280. 

-effects, on the application of a 

valve amplifier to the measure¬ 
ment of, 324. 

-energy, on the thermal mea¬ 
surement of, 401. 

X-radiation from molybdenum, on 
the intensity distribution of the, 
1008. 

X-rays, on the absorption of, 64; 
on the atomic scattering power 
for, from powders of gold, silver, 
and aluminium for CuK^e radia¬ 
tion, 178; on the action of, on 
colloidal ceric hydroxide, 386. 

Yardley (Miss K.) see Lonsdale 
(Mrs: K.). 

Zeeman resolution of the auroral 
green line, on the, 558. 
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Photographs from composite layers containing equal 
parts of nickel-oxide and gold. 
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Powder Pliotograms of Silver-Aluminium AlloyFe-JT-Eadiation. 
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Anti-Stokes Radiation. 
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Fig. 4. 


Outside view of model. 


Fig. 7. 


1. Normal heart beat. 

2. Sino-auricular block. 
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Van DEii Pol & Van der Mark. 


Fig. 8. 



Ventricular extrasy.<t()liie ;—1. normal heartbeat; 2, late ventricular extra- 
systole resulting in the ventricle being in the refi-actory state when the 
next following normal .sfcimnlus arrive.s from the auricle ; 3. early 

ventricular extrasystole: here the ventricle is not any more in he 
r<*fractory j^eriod when the next following normal stimulus arrives from 
the auricl(‘ and thus an interitolated veuti’ic}ila}' systole is obtained. 


Fig. 9. 



1. Normal heart beat. 

2. Auricular extrasystole (with the ventricle responding). 

3. Auricular extrasystole (ventricle still in refractory period). 

Note the increased amplitude of the following normal ventricular systole. 
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1. Normal heart beat. 

2. extrasystole disturbing the whole heart rhythm. 


Fig. 11. 



Electroeardiogram of the real heart taken in the standard positions 1, 2. and 3 
with the aid of a special very low frequency amplifier and a Cambridge 
oscillograph. 
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Fig. 1. K Absorption of Fe in FeS^ crystal. 



Fi*}, 2. K Al)sor2>tion of Fc in screen of Fe^O^^. 
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Fig. 3.—Iv Absorption of Fe in screen of metallic iron. 
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I>ischar«-o-tube. used for observation.^ of cathocio luminescences. 
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Vacuum-tube. 



characteristic witli resi>ect to co(»rdinates in th<* pi 

neighbourhood of O', Avhich is tyidcal for ‘a TT1 ^TvC%E,./ 

negative series-resistance. •• "a I ^ 

II,—the " regeneration-characteristic 
of \aouam-tuhe t''dth negative slope). 
Idle arrows iiidieate the rotation direction 
of ehamcteristic with resijeet to coordin- 
rttcs ill the iiaig-hhanz'li<Jc?<l <j3: O', lOnclD 
typical far - ii negative ieak-vesMauce, " 

The characteristics of vacuum-tube were jdotted by means of B, A. Ostroumoif s 
characterograpb {Zeit.f, TecJnu JVo/s, no. 4, p. 163, 1920* 






“ a " at 1 = 2*5 milliamps.; E = 7*l volts. 

“ h " at 1=4*9 milliamps.: E = 6*2 volts. 

Both curves [a and h) were plotted from same oscillating: point. 


Fig. 18. 



Glimm spot of lumiiiesceiice II. on a red-hot crystal: the crystal is placed between 
two vertical metallic rods. H natural size. 







Los SET. 


Phil. Ma^. Ser. 7, Yol. 6, PI. XX. 


Fke 10^/. 



Beeord of current 5fH) eye. per 
sec. oil 11 nioviiig pliotograpbic 
j)]ate (witli luminescence II. ; 
value E.M.S. of current 1 = 0*24 
amp. : objecti ve F : 3’.5). 


Fio. 19 h. 



Record of fig. 19 «• Magnified from 
the original 3 tinier. 


Fi.i. 20. 



I)ete(*tor luminescence (luminescence II.): I.-0*23 amp. 

(O'-l Iw.i*. F;18. Batural size. 


E = 28 V.; 


Fio. 21. 



Neon lamp, at same^ 
15*1 milliamiis. -. K= 17 < 
tlie ballast resistanc(^ 


optical conditions (cliche diminished 1-2.5 time^l ■■ I- 

Y (*^'bT w ): or 132*8 v. without potential difference 
^2.93J'o. placed in the cap of lamp (2*0 w.l. 










Taylor Jones. Phil. Mag. Ser. 7, Yol. 6, PL XXL 


Fig. S. 
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Fig. 4 



i'lG, 5. 







Taylok Jokeh. Phil. Mag. Ser. 7, Vol. 6, PI. XXII. 


Fig. (). 












BiiMi- & WOODBOW. Phil Mag. Ser. 7, Vol 6, PI. ml, 


Fig. 1. 







Gill AM & Mortojs^. 


Phil. Mag. Ser, 7, Vol. 6, Ser. PI. XXIY. 



Prints of images obtained by placing certain pieces of fused quartz, 
activated by ulti'a-violet rays, upon a photographic plate for 12 hours. 







(jAYJOIiA. 


Phil. Mag. Set. 7, Tol. 6, PI. XXV. 








Gavioja. 


Phil. Mag, Ser. 7, Vol. 6, PI. XIVl. 






































Benzene. 














